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Debris disks are believed to be the remnants of planet formation; a disk of solid bodies called
planetesimals that did not get incorporated into planets. They provide an ideal opportunity
for studying the outcome of planet formation in their systems. The best studied disks exhibit
cool emission peaking at ≥ 60µm, lying in Edgeworth-Kuiper belt-like regions with an inner
dust-free hole. However around half of the main sequence stars with excess emission seen in
IRAS observations show an excess at 25µm only. This thesis presents a study of mid-infrared
debris disks through theory and observations to examine the following questions: are such disks
around Sun-like stars simply debris disks of truncated planetary systems?; can this emission
be explained by a collisionally-evolving disk analogous to the asteroid belt?; is the degree
of variation in emission levels seen around otherwise similar A stars evidence of stochastic
evolution?
An analytical model of debris disk evolution assuming the disk evolves under a steady-
state collisional cascade is presented and shows there is a maximum flux that can be expected
from a disk of a given radius and age and that, for a given disk location, the excess emission
arising from the disk will decrease linearly with time. Comparison of observations with the
maximum predicted flux from the analytical model indicates some Sun-like stars are likely
hosts of transient emission. Comparison with A star statistics shows that A star excesses can be
explained by collisionally-evolving disks, and that the variation in emission between similar stars
can be explained by varying initial conditions. However the model assumes the disk consists
of a narrow ring (whereas the true dust distribution may be spatially extended) at a location
predicted by blackbody fitting to the excess SED (which can lead to errors in the dust location
of up to a factor of 3). Resolved imaging is needed to determine the true disk morphology and
the implications of this on the transient or steady-state interpretation. A sample of 12 Sun-like
stars with mid-infrared excess, and a complementary sample of 11 A-type stars, are observed
with TIMMI2, VISIR on the VLT and MICHELLE and TReCS on Gemini. Six of the Sun-like
sources are shown not to be debris disks, highlighting the need for high-resolution imaging to
remove bogus disk sources. None of the Sun-like stars show resolved emission, however a new
method of determining extension limits from unresolved imaging is presented and used to show
that a single-temperature dust model for the η Corvi mid-infrared excess with transient dust at
1.7AU is more likely than a 2-temperature fit with dust belts at 1.3AU (transient) and 12AU
i
(steady-state). The A star observations reveal a further bogus disk source. Unresolved images
of HD71155 constrain the excess emission to be from 2 dust populations: a transient population
at 0.6AU and a steady-state population at 61AU. The extension limits modelling is further used
to highlight A star disks which may present fruitful subjects for future 8m imaging. One such
source, HD181296, is observed with TReCS and shown to possess an edge-on disk at around
22 AU which fits with the steady-state interpretation. As the unresolved 8m observations are
used to constrain the outer limits of the disk emission, MIDI observations of 2 Sun-like and 2
A-type sources are used to constrain the inner limits of the disk. The first results from these
observations indicate that there are changes in the visibility function with wavelength that
match the predicted changes for a completely resolved disk component. The combined limits
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The existence of planets outside the solar system has become a key area of research in modern
astronomy (see e.g. Butler et al. 2006), as we strive to understand our place in the universe.
What are these extra-solar planets like? Are there Earth-like planets out there, some perhaps
capable of supporting life?
Detecting extra-solar planets is difficult. Direct imaging of the planets themselves would be
the ideal way to learn as much as possible about a system, however the comparative faintness and
proximity of planetary bodies to much brighter parent stars makes this a technological challenge.
The development of larger, more sensitive instruments does mean that this is becoming more of
a possibility. The first direct image of an extra-solar planet was taken in 2004, and confirmed in
2005 (see Figure 1.1 and Chauvin et al. 2005, although there remains a great deal of uncertainty
as to the true nature of this object, see e.g., Gizis et al. 2007). Alternative techniques for
detecting the presence of planets have proved more fruitful, with 212 known extra-solar planets
today (as of December 2007, see http://exoplanets.org). Of these, the majority were detected
through radial velocity studies. This technique uses the ‘wobble’ of the star on the sky as it
orbits the centre of mass of the system and the resultant Doppler shift of emission lines to
calculate the mass (actually M sin I, where M is the mass of the planet and I the inclination
of its orbit to the line of sight) and distance of the unseen planet. This technique preferentially
detects large bodies on close-in orbits, which have the greatest gravitational pull on the star.
Thus many of the planets so far detected outside of the solar system are so-called ‘Hot Jupiters’;
systems quite unlike our own in which a large gas giant planet, similar in mass to Jupiter, orbits
its host star at less than 0.1 AU. Light curve analysis has been employed to detect transiting
planets. The light coming from the star is measured for a period and examined for a drop
characteristic of a planet passing in between the line of sight from the observer to the star. The
fraction of stellar light blocked by the planet is then ∆F/F = (Rplanet/R∗)
2, where Rplanet and
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R∗ are the radii of the planet and star respectively. Measuring the drop in light can therefore
allow a determination of the planet’s radius if the stellar radius is known or can be determined.
This technique will obviously only work for planets whose orbital planes are not too inclined to
the line of sight, satisfying rcos(I) ≤ R⋆ + Rplanet (where r is the orbital radius of the planet),
and due to the time constraints of the observations this technique again preferentially detects
planets on small (i.e. short-period) orbits.
The gravitational effects of the planet can also cause the light from background objects (e.g.
stars) to be ‘micro-lensed’, creating a small (∼ 10%) but detectable increase in flux. After
lensing, the light from the distant star appears to the observer as a ring with radius R0, the
Einstein Ring Radius. Assuming the lens (in the case of micro-lensing, a planet) is a point-
mass (mass M) lying along the line-of-sight to the distant star then R0 = 2/c
√
GMDLDLS/DS
(Gould & Loeb 1992), where DL is the distance between the lens and the observer, DLS is the
distance between the lens and the distant star, and DS is the distance between the observer and
the distant star (DS = DLS + DL in the case that the sources lie along the same line-of-sight).
Gravitational lensing preserves the surface brightness and so this distortion into a ring covering
a larger area gives the measured brightness increase. The lifetime of a lensing event is given by
the time it takes the lens to traverse a distance of R0 across the sky. So for stars in the Galactic
bulge with lenses approximately halfway along the line of sight this would be ∼ 1 day for a
Jupiter-mass planet and ∼ 1 hour for an Earth-mass planet. This technique has the advantage
of being able to detect relatively low-mass planets (due to the dependence on
√
M), however,
micro-lensing events are very rare and so detecting planets in this way requires the monitoring
of millions of stars to have hope of success.
Our current sample of known extra-solar planets is dominated by objects on short period
orbits, and by more massive objects. This is a selection effect of the techniques used to discover
planets around other stars. As such, most extra-solar planetary systems known today are
quite unlike our own solar system. As current planetary detection techniques would not have
detected the terrestrial planets, and only long term observations would have a chance to detect
the Jupiter-Saturn system, alternative techniques must be employed in the search for systems
like our own. One such possibility is the combination of the theory of planetary formation with
observations of the outer regions of systems, similar to our own Edgeworth-Kuiper belt. Theory
predicts the formation of such a planetesimal ring as a direct result of planetary formation
processes. In addition the morphology of such a ring can be exploited to learn about inner
regions which we are currently unable to probe directly.
The existence of a planetary system can have a great effect on the dust surrounding a
star. In our own solar system, the inner regions are relatively dust free due to the presence
(primarily) of the Saturn-Jupiter system. The migration of Neptune during the formation of
the solar system swept many bodies into resonant orbits (see Section 1.3) in the Edgeworth-
Kuiper belt, including Pluto. Planets on eccentric orbits can cause an offset in debris disks
relative to the star, creating a temperature difference between two opposite sides of the disk
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(the close-in edge and the furthest point) in a phenomenon known as pericenter glow (Wyatt
et al. 1999, see also Section 1.3). Although the technique of imaging such dust disks cannot
give a confirmation of the existence of a planet/planetary system, the existence and structure
of the disk itself can give us valuable insight into the evolution of the circumstellar region, and
clues as to how planets may have formed and evolved.
Figure 1.1: First image of an extrasolar planet, orbiting the brown dwarf 2M1207A. The image was
originally taken on September 2004, but follow-up observations confirmed the planet was gravitationally
bound to the brown dwarf in April 2005 (Chauvin et al. 2005).
1.1 Star and Planet formation
Our current paradigm of star formation can be described in broad terms by four phases (shown
schematically in Figure 1.2). We begin with a non-uniform cloud of dust and gas. Clumps
in the cloud collapse and form slowly rotating cloud cores (Figure 1.2, a). When the mass of
the clump exceeds a critical limit (at which the gravitational potential of the clump overcomes
the supporting pressure forces), the clump collapses “inside-out”, meaning the inner regions
collapse first, forming a dense protostar and a surrounding accretion disk (Figure 1.2, b). The
formation of an accretion disk is a consequence of the non-zero angular momentum of the initial
cloud, which must be conserved. As the cloud collapses, the material must rotate faster and the
centripetal acceleration would eventually balance the gravitational force and halt the collapse,
preventing the formation of a main-sequence star. Thus the formation of an accretion disk is a
natural outcome of the process, allowing most of the mass to be transfered onto the star and
most of the angular momentum to be viscously transported outwards. The star and disk system
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is embedded in an envelope of infalling gas and dust. The protostar begins to fuse deuterium,
the convection causing a stellar wind to break out along the channels of weakest resistance along
the rotational axis of the system in the third stage (Figure 1.2, c). This results in collimated
jets and bipolar outflows. The protostar itself continues to accrete matter via the disk. In the
final stage, the wind sweeps out the 4π steradians and the process of infall is halted. The result
is a star surrounded by a nebular disk. The disk will decay as the star evolves on to the main
sequence through accretion onto the star, incorporation into planets and/or stellar/brown dwarf
companions, or be removed by energetic outflow (Shu et al. 1987). The theory that planets
form from a nebular disk was originally suggested by Emanuel Swedenborg in 1734 and later
developed by Kant and Laplace to explain the orbital planes and motions of the planets.
Figure 1.2: A schematic of star formation, taken from Shu et al., (1987). a) A clump in the molecular
cloud collapses under its own gravity. b) Infalling material collapses into a disk around the protostar
due to the conservation of angular momentum. c) A stellar wind breaks out at the poles. d) Inflow
halted by the stellar wind, leaving a T Tauri or Herbig Ae/Be star (depending on the mass).
1.1.1 Planet formation paradigm
As the infall from the surrounding cloud is slowed and halted, the decreased accretion rate
allows the nebular disk to cool. At lower temperatures, condensates can form out of the disk.
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Iron and silicate compounds, with their higher evaporation temperatures, condense first. At
lower temperatures, towards the outer portions of the disk, ices can also form. In these regions
ISM grains which were not evaporated in the heat of the star formation process also persist.
Gravity causes the sub-µm grains, both condensates and ISM grains, to settle to the mid-
plane forming a denser sub-disk (see, e.g., Alexander 2007). Mutual collisions during this
settling leads to grain growth via pairwise accretion which further speeds the settling process.
The growth process from microscopic to macroscopic sized grains is dependent on the sticking
probabilities and the strength of the adhesion forces holding the aggregates together (Dominik
et al. 2007). The sticking probability depends on the collisional velocity, masses and shapes
of the particles, and material properties. It is generally assumed that small particles are stuck
together by van der Waals forces. The growth during this stage is by BCCA - ballistic cluster-
cluster aggregation whereby clusters collide and stick without fragmentation or restructuring,
leading to fluffy aggregates, or by BPCA - ballistic particle-cluster aggregation in which clusters
grow by the addition of individual particles (see, e.g., Suttner & Yorke 2001). As the colliding
particles increase in size, some compaction of the particles can result from the collision. As
bodies in the disk grow to kilometre size, the gravity of the growing planetesimal begins to
affect its growth rate. The largest body in a feeding zone (the annulus of planetesimals which
it can gravitationally perturb into an intersecting orbit) undergoes a period of runaway growth
by which its growth rate far exceeds that of smaller bodies in the system. The resulting
proto-planets can grow further by mutual collisions if their orbits are effected by either tidal
interactions with the gas disk or mutual gravitational interactions (Goldreich & Tremaine 1980).
The most massive planets can also experience accretion of a substantial amount of gas if they
have reached sufficient mass before the removal of the gas disk, forming a gas giant planet. The
existence of gas giant planets in our own Solar system and around other stars together with
observations of the dissipation of proto-planetary disks suggest that protoplanet cores probably
develop within the first 106 years (Beckwith 1999). Recent observations confirm that most of
the primordial gas and dust have disappeared after ∼ 107 years (e.g. Hollenbach et al. 2005).
Current theories of planet formation have many remaining unsolved issues. An example of
this is the formation and survival of bodies of around 1m in diameter. The drift rate of these
planetesimals towards the central star due to interactions with the gas disk and the gravity of
the star is very high, raising the problem of how to keep these bodies in the system long enough
for larger bodies to form (Weidenschilling 1977). In addition the existence of ‘Hot Jupiters’
presents challenges to planet formation theory: was there enough material for these objects to
form in situ; if not, how did these bodies migrate to stable orbits so close to their host stars?
These unresolved questions demonstrate that there is still great scope for the development
of planet formation theory. Such issues and their possible resolutions are, however, beyond
the scope of this thesis. For our purposes we must simply note that such theory predicts the
growth of metre and kilometre sized bodies could be common-place around young stars, and




This simple paradigm of planet formation would suggest that after the dissipation of the proto-
planetary disk, we would expect to see a star and possibly planets with little or no remaining
gas and dust within the system. However observations have shown that there are main sequence
stars older than ∼ 107 years that still show evidence of being host to circumstellar dust.
The first detections of such dust were made with the IRAS satellite. During routine calibra-
tion observations of Vega (spectral type A0V, age 350 Myr, Lachaume et al. 1999), it was found
that the star exhibited infrared emission far above that expected from the stellar photosphere
(Aumann et al. 1984). The shape of the excess emission was seen to be consistent with thermal
emission from mm-sized particles at a temperature of ∼ 85K. Further observations revealed
that other main sequence stars also exhibited infrared excess. Examination of the IRAS Faint
Source Catalogue by Mannings & Barlow (1998) revealed a list of 108 candidate sources for
infrared excess emission. The list included stars over a range of spectral classifications and ages.
It quickly became obvious that these dust disks could not be primordial by consideration of
the lifetimes of dust particles. The lifetime of a dust particle depends on its size, the density
of the disk and whether there exist any perturbing bodies to disturb their orbits, i.e. planets
in or outside the disk, a recent close encounter with another star. The force of gravity acts on





where M∗ is the stellar mass, m the dust grain mass and r the distance from the star. For
the largest bodies, this is by far the most dominant force and as a good approximation to the
dynamics of these bodies other forces are essentially ignored. For smaller bodies however, the






(de Pater & Lissauer 2001). Here σ is the particle’s geometric cross-section, L∗ the stellar
luminosity, c the speed of light, and Qpr the radiation pressure coefficient. Qpr accounts for
both absorption and scattering and is 1 for a perfectly absorbing particle. The ratio between
these two forces is often used to describe the different sizes of dust particles in terms of the





This factor acts as a dampening against the gravitational force, decreasing the effect of the





It may be useful at this point to illustrate the effect of radiation pressure by following the
example of Wyatt et al. (1999). The authors considered the amplitude and effect of radiation
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pressure on fragments of different sizes created in the break-up of a large parent body with
β = 0. The fragments initially have the same orbital parameters as the parent body, but these
are modified by the change in effective gravitational force. If the orbital parameters are initially
given by :
a : semi-major axis of the orbit;
e : eccentricity of the orbit;
I : inclination of the orbit;
Ω : longitude of ascending node: the point in both the reference plane and
plane of the orbit where the orbit crosses the reference plane moving from
below to above the is called the ascending node, and the angle between
the reference line (the x-axis of the reference coordinate system) and the
radius vector to the ascending node is the longitude of ascending node;
ω̃ : the argument of pericenter : the angle between the radius vector to the
ascending node and the pericenter of the orbit;
f : the true anomaly, giving the location of the particle in its orbit at any
time, where f = 0◦ and 180◦ at pericenter and apocenter respectively;
then the fragments formed in the collisional break-up move in the same orbital plane as the
parent, I = I ′ and Ω = Ω′. The new orbits will be further defined by
a′ = a(1 − β)/[1 − 2β(1 + e cos f)/(1 − e2)], (1.5)
e′ = (1 − β)−1
√
e2 + 2βe cos f + β2, (1.6)
ω̃′ − ω̃ = f − f ′ = arctan[β sin f/(β cos f + e)] (1.7)
(Burns et al. 1979).
Figure 1.3 shows the orbits of fragments from a parent body on a circular orbit (e = 0)
with varying values of β. For fragments with low values of β, the equations above show that
the orbit will not differ greatly from that of the parent body. Consideration of Equation 1.6
shows that for β > 0.5(1 − e2)/(1 + e cos f), a fragment will follow a hyperbolic orbit, e′ > 1,
and so will be lost from the system (unless otherwise gravitationally bound, e.g. to a nearby
planet). Many debris disk models therefore involve cutting off the size distribution of the
particles below this limit (Wyatt & Dent 2002, it is primarily smaller bodies in the system
which will have a larger β value as the gravitational force on them is much smaller). The factor
Qpr decreases below the peak of the stellar spectrum (de Pater & Lissauer 2001) and as such
very small particles may not have a large β value. However, such grains are inefficient emitters
and absorbers of stellar radiation and thus are often ignored in disk models which seek only to
describe observations of disk structure, rather than their dynamics and evolution. Furthermore,
in belts for which radiation pressure can become significant, the removal of slightly larger grains
by radiation pressure removes the prime parent population for these smallest grains, and so they
are unlikely to contribute in a significant way to the disk.
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Figure 1.3: The new orbits of fragments of a parent body P on a circular orbit around a star S. The
fragments will follow differing orbits according to the value of their β parameter. The thick circle shows
both the orbit of the parent body and the orbit of fragments with β = 0. Figure taken from Wyatt
et al. (1999).
For particles with slightly larger radii (centimetre-sized in the case of the solar system),
radiation pressure does not reach high enough levels to cause a blow-out, and the net result
of radiation is in fact to cause the grain to spiral in towards the star. This effect is known
as Poynting-Robertson drag. The particle absorbs stellar radiation which it then re-radiates
isotropically in its own inertial frame. As the particle is in orbit around the star this results in
preferential radiation in the forward direction of travel when considered in the inertial frame
of the star. Thus the particle’s velocity is reduced and it begins to spiral inwards towards the





where α =6.24 x10−4 M∗m β (Wyatt et al. 1999). The timescale taken for removal of the grains









(Wyatt 2005). Note that r⊕ is the orbital radius of the Earth, 1AU, r0 is the initial orbital
radius of the dust grain in AU, M∗ is the mass of the star in solar masses, M⊙, and tpr is in
years (400 is a scaling factor).
On their way in towards the star, particles may collide with other dust particles. The time
between such collisions is
tcoll(r) = tper(r)/4πτeff(r) (1.10)
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where tper =
√
(r/r⊕)3M⊙/M∗ is the orbital period at this distance from the star, and τeff
is the surface density of the cross-sectional area of the dust disk, (Wyatt et al. 1999). This
is, in fact, the catastrophic collision timescale of the dust particles on a disk (Wyatt et al.
1999). A catastrophic collision is defined as one in which the largest remaining particle after
the collision has occurred is at most half the size of the original particle. Smaller collisions
between, say, large planetesimals and small dust grains may happen more frequently, but make
little difference to the overall dust distribution.
Whilst all these removal timescales are model dependent, in the cases of resolved debris
disks, all models so far suggested demonstrate removal timescales which are far shorter than
the ages of the systems (Zuckerman 2001). Therefore the dust particles seen today around
main sequence stars must be second generation, not primordial, and the method for replacing
such particles that is proposed is the collisional cascade. By this mechanism, the dust particles
seen through their re-emission of stellar radiation at far infrared and sub-mm wavelengths are
replaced continuously by the collisional destruction of larger bodies. These objects will also be
destroyed through collisional processes, and so on through smaller and smaller particles until
the blow-out limit is reached and the dust is removed from the system. A common model
adopted for the size distribution of grains formed by a collisional cascade is n(D) ∝ D−3.5
(Backman & Paresce 1993). It has been argued that in the case of those debris disks so far
imaged, collisions are by far the most dominant processing method, until of course the blow-out
radius is reached. This is because systems which have been imaged are those bright enough to
be resolved due to a high density of dust. The collisional timescale in these disks is thereby
reduced with respect to the Poynting-Robertson drag timescales; so much so in fact that dust
is reprocessed through collisions before the P-R effect can become significant. Thus P-R drag
can be ignored in models of these currently resolvable systems (Wyatt 2005).
In summary observational results in the past few decades have revealed that a significant
number of main-sequence stars (∼ 15%, Lagrange et al. 2000) possess a debris disk detectable
through excess emission. Fits to the spectral energy distribution (SED) of the excess emission
and subsequent resolved imaging have shown that this emission arises from dust grains in
orbit around the star. Models of the evolution of these systems have demonstrated that these
dust grains must have been produced recently due to the short lifetimes of the emitting grains.
Further detailed modelling has suggested that disks observed to date are collisionally dominated.
1.3 Observations of debris disks
As mentioned in the previous section, the first detections of debris disks were made through
observing excess emission at infrared wavelengths. Today it remains the case that the majority
of debris disk systems are known primarily through the discovery of emission above photospheric
levels in either the infrared or submillimetre (see Figure 1.4 for an example of an SED of a star
plus debris disk). Indeed, with current technology, many disks known today can still not be
resolved, either because of the small spatial extent of the dust region or because the disk is too
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Figure 1.4: An example of an SED of two stars with
debris disks, taken from Beichman et al. (2006a). The
photospheric components have been scaled to emphasise
the difference in the excess emission. The empty circles
are the 24 and 70 µm measurements of the flux from
Spitzer. The dotted line shows the photospheric emission
and the solid line the total emission spectrum of star
plus disk, with the disk fitted by a single temperature
blackbody component.
tenuous to provide sufficient surface brightness to be imaged directly. Only a handful of disks
have yet been resolved at any wavelength (Wyatt 2006), compared to several hundred debris
disks known through excess emission (see, e.g., Rieke et al. 2005; Rhee et al. 2007). In this case
multi-wavelength photometry is a useful tool to probe the disk characteristics.
By determination of the level of excess emission at different wavelengths, we can fit a
blackbody curve to the excess data points on the system’s SED to get an approximation to
the temperature of the emitting material. This in turn can be used to approximate the location





where T is in K, r is in AU and L∗ is in units of L⊙. This equation follows from the assumption
that the emitting grains are in thermal equilibrium, and so equating the received and emitted












πǫνBν (Tg) dν (1.12)
where D/2 is the grain radius, R∗ is the stellar radius, r the distance of the grain from the
central star, g1 and g2 are factors depending on the grain shape, conductivity and rotation,
and ǫ is the grain radiative efficiency. T∗ is equal to the effective temperature of the star, the
spectrum of which is assumed to be a Planck distribution Bν , and Tg is the grain temperature.
The efficiency parameter ǫ depends crucially on the relative sizes of the grain and wavelength
of radiation. For radiation smaller in wavelength than the grain size, the grain will be an efficient
absorber and emitter (ǫ ∼ 1). For larger wavelengths, above critical value λ0, this is not the
case. For these larger wavelengths the efficiency can be described by a power-law, ǫ ∼ (λ0/λ)x.
The value of x is dependent on the grain properties. We can obtain an analytical solution
to Equation 1.12 by assuming a power-law for the absorption and emission efficiencies of the
grain (Backman & Paresce 1993). If we assume a simple geometry for the grains so that the
entire surface is at temperature Tg, (g1 = g2), and that the grains are larger than the peak
wavelength of the incoming radiation (from the star) and the peak wavelength of the emitted
spectrum (behaving as blackbodies), then the solution becomes Equation 1.11. If the grains
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were larger than the peak wavelength of absorption but smaller than the peak wavelength of





0 (λ0 is in µm, other variables
in units listed after Equation 1.11). An ISM (interstellar medium) grain, which is typically an





(T∗ is in units of T⊙ = 5770K, other units as listed after Equation 1.11).
The application of Equation 1.11 to the whole disk involves making a further assumption
that the thermal emission received is dominated by emission from a single grain population that
can be fit by a single temperature blackbody (or several such populations). This assumption
often greatly underestimates the complexities of a debris disk. However, when our only data
are measurements of emission levels, we are in danger of ‘over-fitting’ the data by including
more complex models. Even within the realm of simple blackbody fits, there is great scope for
variation of models for a single system (see e.g. Matthews et al. 2007b). Recently Schneider
et al. (2006) showed that the uncertainties inherent in the SED fitting processes can lead to
an underestimate in the radial location of the disk by a factor of 3 due to the emitting grains
being small and hotter than blackbody. The radial size of the disk can also be overestimated if
the dust is in an extended distribution.
As well as allowing an approximation of the radial extent of a disk, photometric data can
allow an estimate to be made of the disk mass (albeit with further uncertainty resulting from
having to model and approximate non-observable properties of the disk). Under the assumption
that the disk is optically thin (a standard assumption for debris disk systems), we can model
the flux. The flux measured at the Earth emitted by an optically thin cloud or disk at a distance
d from the Earth as
Fν = πBν · 4π(D/2)2 · ǫνngrV/4πd2 (1.13)
where πBν is the surface emittance of a single grain per unit area (Bν being the Planck function),
4π(D/2)2 is the emitting area of a grain of diameter D, ngr is the number of grains per unit
volume and V is the total volume of the cloud.
The total mass of a dust disk can be written as
M = ρN4π(D/2)3/3 (1.14)
with ρ being the typical density of a dust grain, N the number of grains in the cloud and D
being the diameter of the dust grains under consideration. This can be re-written in terms of
of the flux given off by the disk (as modelled by Equation 1.13) and so can be constrained by














(Zuckerman 2001). (Note that this incorporates only the mass of the visible material. For a
collisional cascade model, including large bodies not visible as parent planetesimals, we must
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use a conversion to approximate the total mass of the disk from the visible mass. See Chapter
2 for further details.)
More detailed models of the emitting material can be made if high resolution spectra are
available. Chen et al. (2005) recently used Spitzer IRS spectra to look at a sample of main
sequence stars of various spectral types and ages. They found that the majority of these
stars with debris disks had featureless spectra which can be modelled by grains with diameters
D > 20µm. Five objects exhibit spectral features (at around 10 µm) which can be modelled
by silicate grains with varying crystalline fractions. These spectra show evidence of a hot grain
population around the stars, which are further inferred to host cooler dust components through
the fitting of a blackbody to the longer wavelength emission. These sources thus provide strong
evidence for the presence of multi-temperature grain populations around main sequence stars.
In a disk with dust generated through a collisional cascade and with P-R drag affected
particles, we would expect to see in resolved imaging a smooth disk with constant surface
density and thus surface brightness increasing towards the central star (Wyatt 2005). In those
debris disks imaged to date this has not been the case (e.g. Holland et al. 1998).
One frequently observed structure in debris disks is the presence of a central dust free (or
dust poor) cavity. A popular suggestion for the origin of such gaps is that they were created by
the clearing of this area due to the formation and subsequent gravitational clearing of planets
in this region (Jura et al. 1998). However, in the disks so far imaged the large amount of dust
that is observed indicates a large disk mass and thus a collisionally-dominated disk in which
the effects of PR drag are insignificant (see previous section and Wyatt 2005). Thus the inner
region can be kept dust free simply by the collisional destruction of material before the grains
have time to move into the region. The formation of such a gap initially in the disk of parent
planetesimals could be due to the greater availability of material to form the planetesimals
further from the star, or removal by sublimation of ice grains in the region of the inner gap
(Zuckerman & Becklin 1993). Other features such as disk asymmetries and warps have also
been cited as evidence for the presence of unseen planets. In the case of HR4796A, the disk
exhibits an inner hole and also a 5% asymmetry in the disk structure, which was found to be
edge-on. This asymmetry and the central cavity can both be explained by the existence of a
planet in the central gap on an eccentric orbit (Wyatt et al. 1999). The long-term gravitational
perturbations of such a planet would impose an eccentricity on the dust particles, forcing one
side of the disk to be closer than the other to the host star. This region would have hotter dust
grains and so would be brighter in an effect known as pericenter glow.
Clumping is another feature often seen in resolved images of disks. If two massive bodies
were to collide in a disk then a cloud of the fragmented material may be visible as a brighter
clump in the disk. The flux from such a clump would depend upon the size of the fragments
resulting from the collision and the physical size of the clump would grow with time from
the original impact (Wyatt & Dent 2002). This is because the fragments would originally be
moving along the same orbit as the parent body, but would move from this orbit according
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to the kinetic energy given to them from the collision, and the perturbing effects of external
gravity and radiation forces (see Equations 1.5–1.7). The ejection velocity of a fragment is
normally given in terms of the fraction of impact energy which is converted into kinetic energy.
This is not yet well understood. The clump itself may remain identifiable as a collisional clump
until it has dispersed enough to cover half of the ring radius. Wyatt & Dent (2002) have shown
that the time taken for such a dispersal to occur is far shorter than the collisional lifetime of
the fragments, and so this is the factor that will dominate the time sensitive detectability of
the collision. This will also depend on the rate of such collisions, and obviously the flux coming
from such collisions must be significant to identify a collisional clump over the effects of noise.
The solar system’s asteroid belt experiences a collision large enough to more than double the
brightness of the belt approximately once every 20Myr (Durda & Dermott 1997). This process
has been suggested as a possible explanation for the clump seen in the disk of Fomalhaut
(Wyatt & Dent 2002). However, this paper concluded that due to the short lifetime of clumps
in this disk, it is highly improbable we would see such a phenomenon, and that a more likely
explanation is the resonant trapping of dust particles by a planet (see below). The sublimation
of a massive cometary body as it moves towards a star could also cause a temporary increase
in excess emission from a circumstellar region. Such an occurrence has in fact been suggested
recently as the predominant cause of infrared excess from the star HD69830 (Beichman et al.
2005a). Here, spectroscopy was used to compare the excess emission to the emission from
Comet Hale-Bopp in our own solar system. The similarities in chemical composition make the
arguments for such an occurrence persuasive.
The (still inconclusive) evidence for the existence of unseen planets around stars known to
have debris disks which is often cited is the presence of clumps which, if they cannot be explained
by the possibilities mentioned above, can be explained by the trapping of dust particles into
resonances with a planet. The resonances are the result of small perturbations to a dust particles
orbit due to a planet’s gravity which, over time, result in a concentration of particles in certain
regions. Two mechanisms for the trapping of particles into resonance with planetary bodies
can occur. The first is the inward spiralling of the dust particles due to P-R drag causing the
dust grain’s orbit to cross the orbit of the planet. This phenomenon is seen in our own solar
system where particles from the asteroid belt encounter the mean motion resonances of the
Earth. The second method of resonant capture is the outward migration of the planetary body
itself, sweeping up planetesimals along the way.
Resonance
A particle will be subject to planetary resonances when it orbits the star p times for every p+ q










where r is the semi-major axis of the dust grain’s orbit and rpl that of the planet. Resonance is
caused by the periodic kicks given to a particle’s orbit through the repeated encounters between
it and the planet. These kicks will either destabilize the orbit leading to the particle’s quick
removal from the resonance region, or will stabilize it, trapping the particle into resonance
(Wyatt 1999). The dust which is trapped in resonance with a planet will not be evenly distrib-
uted around a star, but will congregate at specific longitudes relative to the planet. Quantitative
analysis of a planet’s disturbing function show that a particle is in stable resonance when its
resonant argument, φ, librates about some mean value rather than being distributed over the
full 360◦ (Murray & Dermott 1999),
φ = (p + q)λ − pλpl − qω̃ (1.18)
λ is the longitude of the grain, λpl that of the planet and ω̃ is the particle’s longitude of
pericenter.
Resonant Trapping by Dust Migration
As particles from the asteroid belt spiral towards the Sun due to P-R drag forces they come
across the exterior resonances of the Earth. This results in a resonant ring co-orbiting the
Sun with the Earth. The existence of this ring was predicted by Jackson & Zook (1989), and
discovered in IRAS and COBE data (Dermott et al. 1994; Reach et al. 1995). The probability
of a particle being captured in resonance is dependent on factors such as the P-R drag rate and
the particle’s orbital parameters. If a particle is moving more quickly towards the star, or has a
high orbital eccentricity, it is less likely to be captured into resonance (Wyatt 1999). Note that
dust particles do not get trapped into interior mean motion resonances with Jupiter (where the
dust orbits p+q times for every p times the planet does), as resonant trapping is far more likely
when orbits are converging rather than diverging (Dermott et al. 1988). This has implications
for any extra-solar resonant clumps, as it implies that the unseen planet creating the resonant
feature has an orbit which is interior to that of the clump(s).
Resonant Trapping by Planet Migration
Towards the end of planetary formation, angular momentum exchange with planetesimals can
cause a planet to migrate (Wyatt 2003). This was likely the case in the solar system, where
the migration of Neptune caused a large number of objects in the Edgeworth-Kuiper belt to
become trapped in its exterior resonances. This theory of Neptune’s migration explains not
only the uneven orbital distribution of Kuiper belt objects, but also accounts for the unusually
high inclinations of some of the so-called classical Kuiper belt objects, those not trapped in
resonance with Neptune. These are thought to have been scattered by the outward migration
of the planet (Morbidelli et al. 2003). Such a model has also been proposed to account for the
structure of Vega’s debris disk (Wyatt 2003), increasing the system’s similarity to our own. The
probability of a particle becoming trapped in exterior resonance with an outwardly migrating
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planet depends on planetary mass Mpl, semi-major axis of the planetesimal a, stellar mass M∗,
and the planetary migration rate ṙpl. In fact, Wyatt (2003) showed that trapping probabilities
depend on the dimensionless parameters
µ = Mpl/M∗ (1.19)












where the factors X, Y, u and v depend on the resonance under consideration and are calculated
numerically.
1.3.1 Observations of individual disks
In summary, observations of individual disks can reveal a surprising amount of information
about the circumstellar region. Photometry and SED fitting can be used to determine limits
on dust grain temperatures and thus the radial location of the disk. Combined with assump-
tions about grain properties or more detailed information from spectroscopic data, we can also
approximate the mass of dust from the system from simple measures of the disk brightness.
Resolved imaging can allow more stringent constraints on the radial extent of the disk, and also
highlight any substructure in the disk which can be indicative of a variety of processes that
shape the evolution of the system.
1.4 Debris disk statistics
Many of the key questions surrounding debris disks relate to what they can tell us about possible
extra-solar planetary systems. Central to these ideas are how common such systems may be,
and how they are likely to evolve through the star’s main sequence lifetime.
Analysis of debris disks from a statistical point of view has until recently been problematic
due to the lack of large surveys of sufficient spatial resolution and sensitivity to place useful
limits on disk statistics. The IRAS Point Source and Faint Source Catalogues were the original
sources of early discussions of disk statistics (e.g. Lagrange et al. 2000). However, as highlighted
in the recent paper by Moór et al. (2006), some of the debris disk sources identified through
their IRAS excess have in fact on further examination proved not to be hosts of infrared excess.
It was noted by Song et al. (2002), who searched the IRAS database for excess emission towards
M-type stars, that when searching a large number of stars for excesses close to the detection
threshold, a number of false positives must be expected due to noise. Also, there have been
a few instances in which the IRAS excess has been shown to be attributable to background
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Figure 1.5: The findings of Rieke et al. (2005). Left: 24 µm fractional excess by increasing age. The
horizontal lines represent the division into detected excess (excess ratio 1.25) and large excess > 2. The
solid curve is an inverse time dependence, and the dashed line an inverse time squared dependence.
Right : Fraction of population with different levels of fractional excess (low 1–1.25, medium 1.25–2
and high > 2 in different age bins taken from Rieke et al. (2005).
objects that fall within the relatively large IRAS beams (>30”). Such objects range from
highly reddened carbon stars or Class II YSO’s (Lisse et al. 2002), to distant galaxies (Sheret
et al. 2004). Furthermore, the sensitivity of the IRAS satellite was too low to detect all but those
systems with the highest levels of fractional luminosity. With the advent of the Spitzer Space
Telescope, and the Formation and Evolution of Planetary Systems (FEPS) legacy programme
(Meyer et al. 2006), far greater numbers of stars (total sample of 328 with ages ranging between
0.003–3 Gyr) have been examined to a much lower sensitivity limit which has allowed for the
first time a proper examination of the statistics of debris disks, from simple frequency to possible
trends with stellar properties and evolution.
Decrease with age
Rieke et al. (2005) examined Spitzer observations of A type stars of ages 5–580Myr, and com-
plemented these observations with data from the IRAS and ISO archives. The authors found
an overall fall-off in fractional excess with age ∼ t0/t with t0 = 100 − 200 Myr. They further
split the sample into those with large, medium and small/no excess (defined as having an excess
ratio of a factor of > 2, 1.25-2 and < 1.25 over the photosphere) and into age bins of less than
90 Myr, between 90 and 190 Myr and older than 190 Myr. The fraction with large excess
declines from ∼ 25% in the youngest age bin to ∼ 1% in the oldest bin. The decrease for the
intermediate excess is slower with age, from ∼21 % to 11%. These findings are illustrated in
Figure 1.5. Su et al. (2006) confirmed for a subset of the Rieke et al. (2005) sample the t0/t
decay with t0 = 150Myr. Furthermore these authors examined the 70 µm excess and found it
was also consistent with a t0/t fall-off, in this case t0 = 400Myr.
Several authors have searched for a similar trend around Sun-like stars (FGK spectral types).
Detected excess rates at 24 µm decrease from 30-40% for stars younger than 50Myr, to 9% for
100-200Myr and 1-2% for > 1Gyr (e.g. Gorlova et al. 2006, Beichman et al. 2005b, Siegler et al.
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2007). At 70µm the detected excess rate is a fairly constant 10-20% at all ages (Bryden et al.
2006).
Thus it appears that a fall-off proportional to t−1 is prevalent in both samples. Dominik
& Decin (2003) predict that for a radiatively-dominated disk the evolution of fractional excess
is expected to be ∝ t−2. For a collisionally-dominated disk the evolution is ∝ t−1. Thus the
samples so far observed would seem to be in the collisionally-dominated regime, as explained
by Wyatt (2005). This model is described further in Chapter 2, where the Dominik & Decin
(2003) model is used as a template for a new model of expected fractional excess for collisionally-
evolving disks.
Variation within groups
A further finding of the A star and FGK star studies is the wide variation within any age
group. For any particular age bin, the mass of dust determined from the fractional excess is
found to vary by at least 2 orders of magnitude (e.g. Su et al. 2006). This was attributed by
Rieke et al. (2005) to be the result of a stochastic contribution to the disk evolution. Models
by Kenyon & Bromley (2005) have shown that the steady evolution with time expected from a
collisionally dominated disk will be punctuated by sharp spikes in the dust production resulting
from individual massive collisions (between the largest bodies in the belt). However, the models
do not predict the large levels of fractional excess (excess ratio > 2) seen in some debris disk
sources. Transient events of this nature have been suggested for systems with dust emission
much larger than that normally found for stars of similar spectral types and ages (see e.g.
Telesco et al. 2005, Su et al. 2006). Before we can judge whether such events are the likely
cause of these seemingly unusually bright sources, we must first identify whether the levels of
emission seen are truly greater than that which we could expect from a disk. This requires a
model of the maximum disk flux which can be expected from a belt evolving through a steady-
state collisional cascade. Such a model must account for the variation seen in levels of fractional
excess around stars of similar ages and spectral types seen. An alternative explanation for the
wide range of disk masses seen in otherwise similar systems to the stochastic evolution idea
is that the initial disk properties were different, and so the subsequent excess emission will
naturally vary. This possibility is explored further in Chapter 2 of this thesis.
Stellar properties
As the A and FGK stars samples have qualitatively similar properties, the reader may wonder
why the observations are split into two samples by spectral type at all. Although the statistics
follow the same patterns, the overall detection rate for disks around FGK stars is lower, par-
ticularly at 24 µm. Although this would seem to suggest that disks are more frequent around
A stars, one must bear in mind the effects of sensitivity limits and the luminosity differences
between the two samples. An A type star has luminosity ∼ 7.5 − 54L⊙, whereas an FGK star
will have L∗ ∼ 0.1 − 6.5L⊙. This difference in luminosity means that dust at a radius of 10AU
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around an A5 star will be at a temperature of ∼ 540K and around a G5 star the temperature
will be ∼ 260K. This in turn means the peak of the brightness of the excess emission will be
shifted to a longer wavelength for an F, G or K-type star. This means that in comparing the 24
µm observations of the two samples we are in fact exploring two very different radial regions and
it is therefore difficult to compare the samples on a like-for-like basis. Furthermore, studying
the evolution of fractional excess in the two samples must be handled differently, as A stars
have typical main sequence lifetimes of only a few hundred Myrs, compared to a few Gyrs for
FGK stars. Overall detection rates of disks are not significantly different across spectral types
however: indeed Lestrade et al. (2006) recently found that the detection rates of cool disks in
M dwarves is the same as for A-K spectral types. This suggests that, temperature differences
due to luminosity variation aside, debris disk occurrence is not linked to spectral type.
As well as spectral type, several authors have recently looked for a link between debris disk
occurrence and host star metallicity. The motivation for this is simple: it is now well established
that the occurrence of giant planets (which dominate the currently-known population of extra-
solar planets, see the start of this chapter) is correlated with high stellar metallicity (Fischer &
Valenti 2005). This obviously raises the question of a similar relation in debris disks. Greaves
et al. (2006) examined this possibility, and found that the population of debris disk host stars
was not significantly different to stars in general on the basis of metallicity, and that the host
stars of debris disks constituted a different population to the hosts of planets in terms of
metallicity at the 99% confidence level. If metallicity can be seen as a proxy for the solid mass
fraction of protoplanetary disks, then this lack of correlation is perhaps unsurprising. This is
because the disks with the most solid mass would produce giant planets with little left-over
material to form a detectable planetesimal belt, whereas the disks with smaller solid mass may
be unable to build giant planets, but leave their material in planetesimal bodies which can
produce detectable dust disks. This idea has been recently explored by Greaves et al. (2007)
whereby the metallicity of the host star is used to determine the solid mass fraction of a proto-
planetary disk and the main-sequence outcome determined. The main-sequence outcomes were
grouped from ‘most successful’, the formation of a Hot Jupiter, through progressively ‘less
successful’ outcomes: formation of a cool gas giant; formation of a planet with a debris disk;
formation of a debris disk; and a null result (no detectable debris). Though this model was
simple and neglected detailed planet and planetesimal formation models, the initial findings
suggest that this factor could indeed be important in determining the final system.
A link between disks and planets?
This further raises the question if disks and planets themselves can be linked. To date nine
systems are confirmed to have both a debris disk and at least one planet, detected through
radial velocity techniques (Moro-Martin et al. 2007). However, in general there is no sign of a
correlation between the presence of infrared excess and the presence of radial velocity planets
(Moro-Mart́ın et al. 2007). This does not necessarily indicate that disks and planets are not
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connected. As mentioned at the start of this chapter, radial velocity searches are most sensitive
to massive planets on close-in orbits because of increased signal size and short periodicity. Many
of the debris disks detected to date with Spitzer have been detected at 70 µm only, indicating
that the dust is cool and so lies at much greater radial distances than the radial velocity detected
planets. Thus a close-in planet is unlikely to be dynamically connected to such a belt. Planets
which orbit at greater radial distance from their host stars are more likely to interact with
the disk (see Section 1.3 discussion on resonance for example), but are difficult to detect with
current techniques and instrumentation as discussed at the start of this chapter.
1.4.1 Summary of statistical studies
Recent statistical studies have confirmed the debris disk phenomenon is relatively common
around stars of varying spectral types and ages. Among all spectral types a decrease in the
level of excess emission proportional to t has been found, consistent with the predictions of
analytical modelling (see also Chapter 2). There exists, for any spectral type and age, a wide
variation in the levels of detected excess emission of two orders of magnitude, possibly caused by
stochastic contributions to the emission. Unlike for gas giant extra-solar planets, there appears
to be no relation between stellar metallicity and debris disk frequency. Although we know of
several systems possessing both debris disks and radial velocity planets, there is no significant
correlation between the two thus far detected.
1.5 This work
In this thesis I present an exploration of two samples of stars possessing mid-infrared excess
emission in the IRAS catalogue that may represent a warm belt of planetesimals. These two
samples represent an older sample of Sun-like stars and a younger sample of A-type stars,
together allowing a discussion of possible evolution of debris disks. The samples are investigated
observationally and through comparison with models. The aim of this work is to examine the
following questions: are the warm disks around Sun-like stars simply debris disks of truncated
planetary systems?; can this emission be explained by a collisionally-evolving disk analogous to
the asteroid belt?; is the degree of variation seen around otherwise similar A stars evidence of
stochastic evolution? The outline of this work is as follows:
In Chapter 2, I outline a simple collisional cascade analytical model describing the maximum
amount of flux we might expect to see from a system in a steady-state collisional cascade, as
originally presented in Wyatt et al. (2007a). This maximum flux is compared to observational
results for Sun-like stars with mid-infrared excess emission and used to show that some such
sources are likely to be hosts of transient emission. My primary contribution to this aspect
of the development of the model was to determine the effects of varying parameters on the
predictions of the model. This model is compared to statistical results of the incidence of dust
around A-type stars (Rieke et al. 2005; Su et al. 2006) to constrain the parameters of the model
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(this comparison was previously presented in Wyatt et al. 2007b). My primary contribution to
this aspect of the modelling was in determining the best fit confidence limits on the model input
parameters. The limitations of this model are also discussed, including the assumptions made
about the dust distribution to determine transience or steady-state emission. These limitations
highlight the need for resolved imaging of debris disks to determine the true disk morphology.
In Chapter 3, I describe observations of a sample of 12 Sun-like stars with TIMMI2 on the
ESO 3.6m telescope, VISIR on the VLT, and MICHELLE on Gemini North. This work is also
presented in Smith et al. (2008). The sample was chosen to be those sources listed in the IRAS
Point and Faint Source Catalogues with predicted excess emission at 12 and/or 25 µm (not
already well-studied). A new method of determining possible disk locations from unresolved
imaging is developed to analyse the results of these observations. The observations show that
half of the sample (6 sources) are not debris disks. For those stars with confirmed disks, multi-
wavelength photometry and the new extension limits modelling technique are used to constrain
the dust locations. The implications of the observational results are discussed in the context of
the analytical model presented in Chapter 2.
In Chapter 4, a second observational sample comprised of 11 younger A-type stars is presen-
ted. The same observational and analysis techniques are applied to this sample and constraints
placed upon the dust locations (with the addition of using TReCS on Gemini South for some of
the observations). I further apply the detection limits determined through the new extension
testing technique (described in Chapter 3) to the sample of A star warm dust hosts presented in
the literature and predict which disks may be resolvable with current and future instruments.
Following these predictions, I present new observations of one of the A star sample, HD181296,
observed with TReCS and revealing extended disk emission as predicted.
The observations and extension modelling of Chapters 3 and 4 show that for some hosts of
mid-infrared excess, the emission may only be resolved by interferometry. Observations of 2
Sun-like and 2 A-star sources with the Mid-Infrared Interferometric Instrument (MIDI) on the
VLTI (Very Large Telescope Interferometer) are presented in Chapter 5. The results of these
observations and their implications for the sources in terms of the model put forth in Chapter
2 are discussed.
The main findings of this research, implications of the results, and possible directions for
future research are summarised and discussed in Chapter 6.
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Simple Collisional Cascade Model
2.1 Introduction
A key question in understanding the emission of belts of planetesimals in extrasolar systems is
to determine whether the dust that we see is generated continuously by a collisional cascade or
is the result of stochastic events, and thus transient in nature. A model of the expected emission
of a debris disk in a steady state-like collisional equilibrium is an important tool with which
to confront observational data, in order to begin to answer this question. With this in mind,
a simple analytical model was developed by Mark Wyatt, and originally presented in Wyatt
et al. (2007a). This model is in many ways similar to that of Dominik & Decin (2003; hereafter
DD03), and in many of its predictions is qualitatively similar. There is a subtle difference in
the way in which the two models behave in response to changes of collisional velocity. Both
models find a decreasing flux with time, and a maximum fractional luminosity for disks.
My primary contributions to the two papers based on this model, Wyatt et al. (2007a) and
Wyatt et al. (2007b), were: determination of the effect on the predictions of the model of vari-
ation in the parameters Xc = Dcc/DC , where Dcc is the diameter of the smallest body in the
cascade capable of catastrophically destroying a particle of diameter DC , and G(q, Xc), which
gives the fraction of the disk’s total cross-sectional area seen as potentially catastrophically
destroying (see Equations 2.8 and 2.11 and accompanying text for further details); and determ-
ination of the best fitting parameters and confidence limits on these values for the reproduction
of A star debris disk statistics using this model to predict the evolution of the model disks’
emission. In addition I collaborated with Mark Wyatt to determine the appropriate format of
the equations presented here, and in checking of the mathematics to give both the equations
and the numerical values in Table 2.1.
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2.2 The model
We begin by assuming a belt of planetesimals in collisional equilibrium. We can then define
the size distribution of bodies in the belt as
n(D) = KD2−3q (2.1)
where K is a scaling parameter; Dohnanyi (1969) has determined that for an infinite col-
lisional cascade, q = 11/6 (see also Section 1.2). Obviously, our cascade is not infinite, and
thus this is an over-simplification. On the one hand, we do not start with the largest bod-
ies in collisional equilibrium with the smaller-sized bodies. The dependence on size of the
strength of bodies, particularly the switch from the so called strength-scaled regime (where
the material properties determine the level of impact required to break-up a body, and thus
the planetesimals become weaker with increasing size) to the gravitational regime (where the
effects of self-gravity increase the energy required to disperse the body if fragmented, and so
larger bodies are increasingly difficult to destroy), can create a wave in the size distribution,
and can cause equilibrium distributions that differ from the q = 11/6 equilibrium. The removal
of grains at the low end of the size distribution due to radiation pressure blow-out can also
create a wave in the size distribution. Starting with a power-law (with q = 11/6) distribution,
the lack of grains below the blow-out limit leads to a deficiency in the number of bodies capable
of catastrophically destroying the bodies of a size just greater than the blow-out limit, as for all
size bins in the cascade, bodies (say of diameter Dj), are most likely to be destroyed by collision
with bodies just smaller than them (size Dj−dj), as these smaller bodies have sufficient energy
to destroy the Dj bodies, and exist in greater number than bodies larger than Dj . Thus this
size bin becomes over-populated compared to the power-law distribution. This over-abundance
naturally leads to increase collisional destruction of bodies in the next largest size bin, and thus
a depletion in the number of bodies in the larger bin compared to the equilibrium distribution,
and so on up the cascade. In addition, large amounts of blowout-sized grains can affect the size
distribution of bodies just larger than themselves (Krivov et al. 2000) through interactions on
their way out of the system; we essentially ignore these in this model. Despite these cautionary
notes, the results of planet formation models (e.g., Davis & Farinella 1997; Stern & Colwell
1997; Kenyon & Luu 1999) suggest that a value of q ≈ 11/6 is to be expected if the planetary
belts are the by-products of planet formation. In addition, we must remember that this model
is only designed to give a first-order approximation to a planetesimal belt, and that the detailed
structure and distribution of material is not important for our needs at this point.
It is assumed that this size-distribution holds from the largest bodies down to the size at
which the material is removed by radiation pressure. As the largest bodies (diameter Dc)
contain by far the most mass (depending on the value of q), and the smallest bodies in the
system (assumed to be those at just above the blow-out limit, diameter Dbl) dominate the
cross-sectional area, then we can derive for the total cross-sectional area, σtot, and the total
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where the constants in equations 2.2 and 2.3 arise from scaling so that σtot is in AU
2, Mtot is
in M⊕, Dbl is in µm, Dc is in km, and ρ, the density of the planetesimals, is in kg m
−3.
A planetesimal belt is assumed to lie at radius r in AU offset from the star, with width
dr (also measured in AU). An observable property of planetesimal belts is their fractional
luminosity, defined as f = LIR/L∗. For this simple model we shall assume that the grains act
as blackbodies, absorbing all radiation which they intercept. Then the fractional luminosity
can be written in terms of the cross-sectional area of the material and the area over which the





Thus we can relate f , σtot and Mtot and use any one of them to determine the scaling
parameter K. We can also determine the blow-out diameter of the grains using the blackbody
assumption (Equations 1.1–1.3), and using that for a body of diameter D, the cross-sectional
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where L∗ and M∗ are in solar units, ρ is in kg m
3, and Dbl is in µm.
The assumption of a continuous collisional cascade in equilibrium means that material in
a bin in size range D to D + dD is removed by collisional destruction at the same rate that
fragments from the collisions of larger objects enter that size bin. The overall timescale of the
evolution is thus determined by the removal of mass from the top end of the cascade. The loss
rate of planetesimals of size Dc is determined by their collisional lifetime. Following Wyatt &
Dent (2002) this is defined
tc =
√
r3/M∗ (rdr/σtot) [2I/f(e, I)] /fcc, (2.6)
where I is the mean inclination of the particles’ orbits, which determines the scale height of the
disk, f(e, I) is the ratio of the relative velocities of collisions between objects in the cascade to
the Keplerian velocity (vrel/vK), and fcc is the fraction of the disk’s total cross-sectional area
that is seen by the planetesimals of size Dc as potentially causing a catastrophic collision. A
catastrophic collision is defined as one in which the largest fragment remaining after collision
is at most half the size of the original body. Assuming that the eccentricities and inclinations
of the particles in the cascade follow a Rayleigh distribution, then using e and I to represent
the mean eccentricity and inclination, we can assume
f(e, I) =
√
1.25e2 + I2 (2.7)
(Lissauer & Stewart 1993). Ignoring the gravitational focusing effect allows a simple expression




Here XC = DCC/DC, where Dcc is the diameter of the smallest planetesimal with enough energy
to catastrophically destroy a planetesimal of size Dc (both in units of km). This equation follows
from consideration of the total cross-sectional area of the disk that is in bodies of size Dcc or










where σ̄(D) = (3q − 5)D4−3q/D5−3qbl is the normalised cross-sectional area distribution. Then
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Now substituting Xc = Dcc/Dc, and G(q, Xc) as given by
G(q, Xc) =
[
(X5−3qc − 1) +
6q − 10
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we recover Equation 2.8.
Xc can be calculated from the dispersal threshold, Q
∗
D. This is defined as the specific















where Q∗D is in J kg
−1, r is in AU, M∗ is in M⊙ and the constant arises from scaling consider-
ations (note Xc and f(e, I) are dimensionless).







(12q − 20)[1 + 1.25(e/I)2]−0.5
(18 − 9q)G(q, Xc)
)
. (2.13)
with all units as given above, dr in AU, and tc given in years.
The evolution of the disk mass can therefore be determined by solving the equation
dMtot/dt = −Mtot/tc to give
Mtot(t) = Mtot(0)/[1 + t/tc(0)], (2.14)
where Mtot(0) is defined to be the initial disk mass and tc(0) is the collisional lifetime at this
initial point. It is clear from the above equation that for early times (t ≪ tc(0)) the disk mass
is constant but that it falls off at late times ∝ 1/t.
Notice also from Equation 2.13 that tc(0) is dependent on Mtot(0). This means that at
late times, the disk mass is actually independent of initial disk mass. Intuitively the reason for
this is clear; more massive disks have higher collisional rates and therefore process themselves
more quickly. Thus we can determine for any given age, a maximum disk mass and fractional
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where Mmax is in units of M⊕, and tage is in Myr (note fmax is dimensionless).
Present day debris disks would have mass (and luminosity) equal to these maxima if the
largest planetesimals are in full collisional equilibrium. This means that the disks must reside
around stars older than the collisional lifetimes of the largest planetesimals, as given by Equation
2.13.
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2.2.1 Comparison to the model of Dominik and Decin
Since DD03 produced a very similar analytical model, our results can be compared with theirs.
The results of disk evolution for a planetesimal belt close to their nominal model were computed
using the parameters: r = 43 AU, dr = 15 AU, Dc = 2 km, ρ = 2700 kg m
−3, f(e, I) = 0.1,
e/I = 1, Q⋆D = 200 J kg
−1, Mtot(0) = 10M⊕, A0V star (for which L⋆ = 54L⊙, M⋆ = 2.9M⊙,
Dbl = 15 µm). Each of the parameters Mtot(0), r, f(e, I), Dc and spectral type were also
varied to make the plots shown in Figure 2.1 which are equivalent to Figures 1b-1f of DD03.
The plots in Figure 2.1 generally demonstrate the same behaviour as the model proposed
by DD03. Note in particular in the top left figure of Figure 2.1 the convergence on the same
level of fractional luminosity at late times, regardless of initial disk mass. The turnover time
from a constant level of excess flux to a fall-off proportional to time is dependent on initial
mass, with more tenuous disks reaching this turnover at later times. This is easily understood
when one considers that in less massive disks it will take longer for the largest bodies in the
belt to reach full collisional equilibrium. The initial larger mass effects the level of fractional
excess before equilibrium is reached in an obvious way. A similar dependence on the radial
location of the belt is seen (Figure 2.1, top right). At larger radial distances from the star,
the material of the belt is naturally dispersed over a wider area, and thus collisional lifetimes
are longer, and equilibrium is reached at later times. This means that while at early times
the fractional luminosity is lower at larger distances due to the dependence of f on r (see
Equation 2.4), at later times there is more material left in the cascade and the more distant
belts are in fact brighter. Increasing relative velocities (middle left of Figure 2.1) leads to a
decrease in the collisional lifetime of the largest particles, because of the dependence of the
parameter Xc on vrel. Thus a full collisional equilibrium is achieved sooner. The effect of
different maximum sized planetesimals on the evolution of the belt is shown in the middle right
panel of Figure 2.1. Assuming the mass is the same, increasing the size of the most massive
bodies leads to a decreased cross-sectional area of grains. Thus at early times the fractional
excess is lower. However, this means that the collisional lifetime of the Dc-sized planetesimals
is longer (see Equation 2.6), and thus the fractional excess at later times persists to a higher
level. Finally the spectral type of the central star determines the stellar mass and luminosity.
The earlier spectral types (represented by spectral type A0 in the bottom panel of Figure 2.1)
have higher luminosity to mass ratio (L∗/M∗) than later type stars. Thus the blowout size
of grains is higher (Equation 2.5), and the cascade is cutoff at larger grains at the small size
end and thus the starting luminosity is smaller. In addition, a more massive star induces a
faster Keplerian velocity at the same radial distance, and so orbital times are shorter. This
increases the collisional rate of the planetesimals and increases the rate of mass removal (and
thus fractional luminosity decrease) for the early type stars.
The main difference between the two models (that presented here and DD03) arises from
the way in which we consider the largest bodies in the cascade. In DD03, the bodies feeding the
cascade are seen as separate to the rest of the cascade. In this model, we assume the whole size
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Figure 2.1: The collisional evolution of a planetesimal belt with parameters similar to the nominal
model of DD03 [r = 43 AU, dr = 15 AU, Dc = 2 km, ρ = 2700 kg m
−3, f(e, I) = 0.1, e/I = 1,
Q⋆D = 200 J kg
−1, Mtot(0) = 10M⊕, A0 star] showing the effect of changing: (top left) starting disk
mass Mtot(0), (top right) disk radius r, (middle left) collision velocity vrel/vk, (middle right)
maximum planetesimal size Dc, and (bottom left) stellar spectral type. These plots can be directly
compared to Figs. 1b-f of DD03.
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range from Dbl to Dc to be in equilibrium. In this manner, flux can be directly related to the
mass remaining in the disk. In DD03, f is dependent on mass and the factor Xc, as the flow
of material through their cascade is controlled by destruction of the largest bodies which can
only be destroyed in collisions with bodies of the same size. In this model, the largest bodies
Dc can be destroyed in collisions with bodies of size Dc down to XcDc. Thus in this model the
collisional lifetimes are always shorter than those suggested by the DD03 model.
As argued in Wyatt et al. (2007a), the model presented here would appear to have a major
advantage over that presented in DD03, namely in the treatment of the largest bodies in the
belt as a part of the collisional cascade. This model does not require a separate description of
the feeding rate into the cascade, as this is encapsulated in the size distribution in the parameter
q. The need for a separate consideration of the collisional rate of the largest bodies as in the
model of DD03 is also removed if one considers these bodies to be part of an overall cascade.
However, the application of a size distribution of the form presented in Equation 2.1 holds
only for an infinite cascade in equilibrium. As this (and the model of DD03) have truncated
distributions (at Dc), the evolution of the size distribution is likely to be different in some
manner. In addition, Q∗D is known to vary with planetesimal size (see e.g. Benz & Asphaug
1999). The effect of this on the size distribution and evolution of the belt is not included in the
model.
2.3 Applying the model
The model presented in this chapter contains many parameters which must be determined before
it can be applied to observations of debris disk systems. Some of these can be determined by
the star’s spectral type, age, and limitations from SED fitting and/or resolved imaging of the
disk structure. Others come from interpretations of theoretical models.
2.3.1 Determination of parameters
The equation for fmax, which will be used in Section 2.3.3 to compare with observed disk
statistics in the literature and the results of mid-infrared observations I present in Chapters 3
and 4, depends on the following parameters;
r : which can be approximated from SED fitting to observations or direct
resolution of the disk;
dr : which is assumed to be related to r for a relatively narrow belt well
modelled by a single temperature of emitting dust;
M∗ : determined by stellar spectral type;
tage : given by the age of the star, as listed in the referenced papers;
Dbl : dependent on M∗ and L∗ which are given by spectral type, but also on
ρ, which depends on what material properties and structure are
assumed for the planetesimals;
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Dc : has to be assumed in the model as cannot be determined by stellar
properties or observations;
e : has to be assumed in the model;
I : has to be assumed in the model;
G(q, Xc) : dependent on q which must be assumed, and Xc. Xc is in turn
determined by M∗, r, e, I, and Q
∗
D. The latter of these parameters is
actually dependent on the size of planetesimal (and material properties,
Benz & Asphaug 1999), but in the simple application of the model is
constant for all planetesimals and must be assumed based on maximum
planetesimal size and material properties assumed for the planetesimals.
Thus the parameters which can not be determined observationally for individual systems
are ρ, Dc, Q
∗
D, e, I and q. Thus these parameters are assumed based on predictions of theoret-
ical models and observations of the Edgeworth-Kuiper and asteroid belts. ρ is the density of
planetesimals and in the following sections is set to be 2700 kg m−3, a value appropriate to
basalt (see, e.g., Benz & Asphaug 1999) and similar to the value found for several bodies in
the asteroid belt in our solar system (see e.g., Hilton 1999). The change from growth of plan-
etesimals through collisions to destruction by collisions occurs when the largest members of the
population reach a large enough size to stir the disk and increase the eccentricity of other plan-
etesimals. Kenyon & Bromley (2002) have shown that when the largest bodies reach 2000km
they can stir the eccentricities of 1m – 1km sized bodies, igniting a cascade. Furthermore,
Dc =2000km is larger than the largest bodies of the asteroid and Edgeworth-Kuiper belts. To
simplify the problem further, it is assumed that the average eccentricity and inclination are
equal e = I.
The factors Xc = Dcc/Dc (as given in Equation 2.12), and G(q, Xc), which determines
the fraction of cross-sectional area of the disk which is seen by a planetesimal of size DC as
potentially causing a catastrophic collision (Equation 2.8), depend on parameters e and Q∗D in a
complex way. The effect on these factors achieved by changing the parameters is shown in Figure
2.2. One of my primary contributions to the development of this model was the examination of
these dependencies (as discussed in Section 2.1). Reduced planetesimal strength, Q∗D, reduces
the factor Xc as for weaker planetesimals, smaller bodies can cause a catastrophic collision.
Having the planetesimal belt at a smaller radius r also reduces the factor Xc since in a smaller
belt, relative velocities, vrel, are greater, and so smaller bodies can catastrophically destroy
larger planetesimals more easily (see Equation 2.12). Increased eccentricity has a similar effect
on the relative velocities, and so a similar effect on Xc. The plot on the left of Figure 2.2 which
shows the changing value of G(q, Xc), must be understood in terms of the effect of the changing
parameters on Xc. The slope at G(q, Xc) > 1 is where Xc < 1, and so the size of impactor
required to destroy a planetesimal is smaller than the target, and a cascade can proceed. The
dependence on r, Q∗D and e for this region of the plot can be understood by reference to the
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Figure 2.2: The effect of changing e and Q∗D on (left) G(q, Xc) and (right) Xc. Other parameters
determining these factors are assumed to be M∗ = M⊙, q = 11/6, and I = e. Different values of r are
labelled on the plot.
plot of Xc and discussion above. The turnover from smooth slope to an exponential decrease
to zero for G(q, Xc) occurs where Xc = 1. Values of Xc ≥ 1 indicate that bodies must be
at least the same size as the target for a catastrophic collision to occur. This rapidly reduces
the number density of potentially catastrophically destroying bodies, and thus the catastrophic
cross-sectional area of the disk (given by Equation 2.8), as shown by the rapid drop-off in
G(q, Xc) seen in the left-hand plot of Figure 2.2. In this region of parameter space it is highly
unlikely a cascade can occur. This model is designed to describe a cascade in full collisional
equilibrium, and so these values of G(q, Xc) are inappropriate. In the following sections it is
assumed that the parent bodies are not so difficult to destroy (and that is how the belt has
been able to collisionally evolve to equilibrium) and so a value of Xc ≪ 1 is used.
An appropriate value for the eccentricity is e = 0.05, as is typical for the asteroid belt1.
This value is also close to that which we would expect by equating the velocity dispersal in the
belt with the escape velocity of a planetesimal of size Dc
vrel = vesc












2 π G D2c ρ
converting to consistent units and rearranging gives





which for a maximum planetesimal size of Dc = 2000km, density of ρ = 2700kg m
−3 and stellar
mass similar to the sun gives
e ≃ 0.027r0.5.
1as listed by the IAU Minor Planet Center, http://cfa-www.harvard.edu/iau/mpc.html
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This is therefore the minimum eccentricity needed for collisions to be of a high enough relative
velocity to be destructive.
The value of q, and use of a size distribution that is continuous in time at all, may be
the greatest simplifying assumptions made in the model. As mentioned in Section 2.2.1, this
assumption of a continuous size distribution is strictly valid only for an infinite cascade in
equilibrium. In reality we have a cut-off at both the small and large size ends. The cut-off at
the small size end (Dbl) will cause a wave in the size distribution, as shown in Thébault et al.
(2003), and also discussed in Section 2.2 following Equation 2.1. The dependence of planetesimal
strength on size, rather than the constant value of Q∗D assumed here, can also result in a wave in
the size distribution and a size distribution with q 6= 11/6 (O’Brien & Greenberg 2003, Durda
et al. 1998). We have also made an assumption that the collisional equilibrium holds from the
start for the full size range of bodies. At the start of the destructional phase (after the end of
accretion through collisions), it is unlikely that the largest bodies will be in equilibrium with the
rest of the cascade, and their initial distribution may not follow that of a collisional cascade.
However, planet formation models in the literature have reported planetesimal distributions
that can be characterised by a q = 11/6 distribution (e.g. Stern & Colwell 1997, Davis &
Farinella 1997, Kenyon & Luu 1999). Thus the assumption of an initial q = 11/6 distribution
is not unreasonable.






. Applying this to Equations 2.15 and 2.16 with ρ = 2700 kg m−3 and
I = e we have















with r and dr in AU, Dc in km, Q
∗
D in J kg
−1, M∗ in units of M⊙, L∗ in L⊙ and tage in Myr
giving Mmax in M⊕ (fmax is dimensionless).
2.3.2 Application to Sun-like stars
Four recent surveys have searched for mid-infrared excess emission indicative of hot dust around
main sequence Sun-like stars (Gaidos 1999; Laureijs et al. 2002; Hines et al. 2006; Bryden et al.
2006). All of these surveys concluded that only 2±2% of main-sequence F, G and K-type stars
possess such dust emitting with fractional luminosity of f = LIR/L∗ > 10
−4. The rarity of this
emission may be indicative of its origin, if, as proposed by some of those undertaking the surveys
(see e.g. Gaidos 1999), the emission is not produced by a steady state collisionally evolving
belt. This assertion of a possible transient origin of the emitting dust was tested in Wyatt et al.
(2007a) for seven Sun-like stars, and the main results are reproduced here to demonstrate one
possible application of the model presented in this chapter.
The seven stars taken from the literature as main-sequence known hosts of hot dust emission
are listed in Table 2.1. These sources have been revealed in the surveys mentioned above and
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also through other studies of the IRAS catalogue and follow-up of individual sources.
To test the hypothesis that these objects possess an atypically massive asteroid belt in
collisional cascade responsible for the dust emission, the measured level of fractional excess
emission (fobs = LIR/L∗) is compared to the maximum excess which can be expected from
a collisionally evolving belt. This is determined from Equation 2.18. We need to assume the
values of Dc, dr and Q
∗
D, as well as a values for e. Reasonable values for these parameters were
discussed in Section 2.3.1. In the table and discussion, I follow the work of Wyatt et al. (2007a)
and use Dc = 2000km, Q
∗
D = 200 J kg
−1, dr = 0.5r and e = 0.05. The luminosity and mass
of the star are taken to be those suitable for the star’s spectral type. The age of the disk is
assumed to be that of the star and is taken from the papers referenced in the table. The radius
of the disk is taken from a fit to the SED of the excess emission. This was normally done in
the papers referenced in the table and was not changed in this study. The resulting values of
fmax are shown in Table 2.1.
The systems are listed in order of increasing age in the table. For the younger three systems
the maximum fractional excess predicted by the model is less than 1000 times lower than the
observed excess. For HD113766 and HD12039 the value of fobs is close to or only 50 times
higher than the value of fmax, a variation that can be explained by a change in some of the
assumptions that went into the model (see the following paragraph). For HD98800, the dust
luminosity is ∼ 800 times the predicted maximum excess emission. Despite this, we do not infer
that the emission comes from a transient event, as the young age of this system (∼ 10 Myr) and
high fractional luminosity suggest that the system is in a transitional stage between a proto-
planetary and debris disk, and so the cascade is likely to have been only very recently ignited.
Our model would imply that due to collisional processing this debris disk cannot maintain this
level of emission beyond ∼ 10,000 years (a tage value of 0.1 Myr in Equation 2.18 predicts a
value of fobs/fmax ≈ 8, and thus this system is compatible with a steady state interpretation
for a recently ignited cascade).
The large number of uncertainties in parameter estimation and assumptions that went into
the model are worth considering before we can make confident conclusions about the four older
sources in the sample listed in Table 2.1. One way to potentially change the value of fmax is to
increase the value of Q∗D, which would increase Xc and thus decrease the rate of mass loss from
the cascade. Benz & Asphaug (1999) found a value of Q∗D that was higher than 2× 105 J kg−1
for bodies as large as 2000km. However, this increased value is only valid under the condition
that the bodies are in the gravity strengthening regime (see Section 2.2), which would in fact
result in an equilibrium size distribution with q = 1.68. However, O’Brien & Greenberg (2003)
have shown that the size distribution resulting from a realistic Q∗D prescription would have two
components, characterised by qg and qs, with a discontinuity at the transition size Dt (the cross-
over between strength and gravity regimes) with the strength scaled component shifted down
by xt. The resulting fmax would be higher by a factor of xt(3qg −5)(3qs−5)−1(Dbl/Dt)3(qg−qs)
(as Equation 2.16 was derived using q = qg). As xt < 1 then substitution of values from
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Star Spectral Age Radius fobs = fmax Transient? Reference
type Myr AU LIR/L∗
HD 98800 K4/5V ∼ 10 2.2 220 × 10−3 270 ×10−6 No Low et al. (2005)
HD 113766 F3V 16 3 2.1 × 10−3 45 × 10−6 No Chen et al. (2005)
HD 12039 G3/5V 30 4-6 0.1 × 10−3 200 × 10−6 No Hines et al. (2006)
BD +20307 G0V 300 1 40 × 10−3 0.36 × 10−6 Yes Song et al. (2005)
HD 72905 G1.5V 400 0.23 0.1 × 10−3 0.011 × 10−6 Yes Beichman et al. (2006b)
HD 109085 F2V 1000 1-2 0.5 × 10−3 0.15 × 10−6 Yes Wyatt et al. (2005)
HD 69830 K0V 2000 1 0.2 × 10−3 0.13 × 10−6 Yes Beichman et al. (2005a)
Table 2.1: The Known Sun-like Hosts of Hot Dust.
Benz & Asphaug (1999) implies the values given in Table 2.1 underestimate fmax by at most
a factor of 50-100. The only route which could plausibly maintain the four oldest systems in
collisional equilibrium over the ages of the systems is by maintaining the eccentricity at a value
at which the the cascade is only just being eroded. It is reasonable to assume that the best
possible combination of Q∗D and e result in G(11/6, Xc) ≈ 1 (recall that this factor describes
the fraction of the cross-sectional area in the disk that is seen by bodies of size Dc as potentially
resulting in catastrophic collision). As shown in Figure 2.2, G(11/6, Xc) is a strong function of e
when G(11/6, Xc) < 1. Thus while it is possible to achieve G(11/6, Xc) ≈ 1, this would involve
very fine tuning of the eccentricity. Decreasing the value of e from 0.05 to 0.03 would result in
some disks not evolving at all (Xc > 1, see Equation 2.12) and others having a value of fmax
greater than that listed in Table 2.1 by a factor of ∼ 150. Thus we conclude that the values
given in Table 2.1 underestimate fmax by at most a factor of ∼ 100, unless the eccentricity
happens to lie within ±10% of a critical value.
For the oldest four sources included, the interpretation is therefore that a coincident belt of
planetesimals undergoing a collisional cascade for the lifetime of the system cannot be the source
of the observed levels of emission (see Table 2.1). These sources all have fobs > 1000fmax, which
cannot be produced by a collisional cascade even when taking into account the uncertainties
in the model parameters discussed above. This conclusion leads to the further question of
what could be the source of the emission. Other possibilities (beyond that of a coincident belt)
include a recent massive collision (Song et al. 2005), the sublimation of a super-comet (Beichman
et al. 2005a) or the sublimation of a swarm of comets, possibly in a period analogous to the
Late-Heavy Bombardment in the solar system.
A further examination of the single massive collision scenario is presented in Wyatt et al.
(2007a). Under favourable assumptions about the amount of mass left in the system (Mtot =
Mmax), and of a destructive collision resulting in half the mass of the parent body being
converted to emitting particles (size Dbl), it is found that for the four oldest systems, the single
massive collision scenario is not able to account for the observed levels of excess due to the
extremely low probability of seeing the dust resulting from such a collision. It is considered
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that the single collision scenario could account for the level of emission seen if the probability
of seeing such an event is > 0.001%, coming from a comparison with the 2% of Sun-like stars
shown to have hot dust (Gaidos 1999; Laureijs et al. 2002; Hines et al. 2006; Bryden et al. 2006)
and taking into account the possible 2 orders of magnitude errors in fmax. The probability of
seeing such an event is determined by considering how large a parent body must be to produce
the observed level of dust. Under the assumption that the mass in dust is half the parent body
mass,
Mbl = (1/2)Mpb = (π/12)Dpbρ




and equating the above value of Mbl with Mbl = (π/6)KρD
5−3q
bl , allows us to determine the




with Dpb in km, Dbl in µm and r in AU. The collisional lifetime of such bodies is
tc(Dpb) = tc(DC)fcc(DC)/fcc(Dpb) = 10
6tage(Dpb/DC)
3q−5,




= n(D > Dpb)/tc(Dpb),
where n(D > Dpb) is then the number of bodies of this size or larger remaining in the cas-
cade assuming Mtot = Mmax. The probability of witnessing a recent massive collision is then
determined by comparing the rate of such events and collisional lifetime of the resultant dust
particles to the age of the system. For the transient sources listed in Table 2.1 the probability
of seeing such a collision or its aftermath is < 0.00001 %. Such an event is therefore unlikely
to be the explanation of the emission seen around the transient sources.
Wyatt et al. (2007a) conclude that it is also highly unlikely that a parent belt coincident
with the dust that has for some reason recently begun to be converted into dust particles (for
example recent stirring inducing a high collisional rate) could maintain a high enough level of
dust production to be the source of the observed level of excess for longer than 1 Myr. Assuming
that the dust responsible for the emission is of size Dbl, the lifetime of the dust is tc(Dbl), which





with tc in years (follows from Equation 2.6 with fcc = 1, as all the cross-sectional area of the
disk can potentially destroy particles of size Dbl; all other parameters in units given in previous
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sections). Taking into account the mass in the smallest particles Mbl = 540(L∗/M∗)fobsr
2 (in







in M⊕/Myr, which for the four transient sources listed in Table 2.1 is < 0.2Myr. Thus for the
older systems we could not in all probability expect to see such a transient event.
The model cannot rule out a parent planetesimal belt further away from the star than the
dust however, and this is the most likely scenario for the source of the transient emission for
the sources noted in Table 2.1. In fact, the model can be used as an additional constraint
on possible cooler disks. The constraints used are: the detection or non-detection of cooler
emission (60/70 µm); the maximum luminosity possible in a belt at a given radius (for the
parent population) due to collisional erosion; and the luminosity (and hence mass) required in
the parent belt to feed the observed level of excess emission. The possible locations for the
parent belts for the four transient sources are given in Figure 2.3. For HD 109085 (η Corvi)
and HD72905 systems, the possible cooler parent belt region of parameter space (r versus f)
includes a known population of cool dust. For the remaining systems not able to be accounted
for by a massive asteroid-like belt, the possibility of a parent belt at a larger radial distance
from the star is not ruled out. This would require a mechanism for converting such a belt to
dust and transporting the amount of material required from the parent belt to the hot dust
region. An exploration of this possibility is beyond the scope of this model, however. For the
purposes of this work it is only necessary to know that the model shows a coincident parent
planetesimal population undergoing a collisional cascade is an unlikely source of the emission
for the four oldest sources in the sample.
2.3.3 Application to statistics
Two recent papers based on observations of A stars taken with the Spitzer Space telescope in
the mid-infrared have sought to determine observational patterns of evolution around A-type
stars (Rieke et al. 2005, Su et al. 2006). In this section I present the application of the analytical
model to these statistical samples to demonstrate its further utility, as first presented in Wyatt
et al. (2007b).
To apply the model to the populations presented in these two survey papers, we must make
some assumptions about the parameters we need for the initial conditions of the belts: Mtot(0);
r; dr; ρ; Dc; Dbl (given by ρ, M∗ and L∗, see Equation 2.5); and q. As described in Wyatt
et al. (2007b), we set I = e (I is a factor in the subsequent collisional evolution of the disk,
see Equation 2.13), ρ = 2700 kg m−3, dr = 0.5r and q = 11/6, all reasonable parameters based
on observations of our own debris populations and theoretical models (see Section 2.3.1). Q∗D,
e and Dc were assumed to be the same for all disks in the population. The values of these
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(a) (b)
(c) (d)
Figure 2.3: Constraints on the fractional luminosity and radius of the planetesimal belt feeding the
observed transient hot dust (shaded region) for the systems: (a) BD+20307, (b) HD72905, (c) η Corvi,
and (d) HD69830. The solid lines are the constraints imposed by the far-IR detection limits (assuming
black body emission), the maximum luminosity possible in a belt at this radius due to erosion by
collisional processing, and the luminosity from a belt of sufficient mass to feed the observed mass loss
rate for 100 Myr. The properties of the hot dust in these systems is shown with a diamond, and those
of the the cold dust, where known, shown with a triangle.
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parameters were constrained by fitting to the observational results of Rieke et al. (2005), in the
first instance, and afterwards to the results of Su et al. (2006).
The model population was chosen to be a set of 10,000 stars, all assumed to have a planetes-
imal belt undergoing a collisional cascade. For some of the belts, the fractional excess would
be below the level of detectability, and so would appear in observations not to have a disk.
The stars were chosen at random from the spectral range of B8-A9 to compare with the sample
of Rieke et al. (2005). L∗, M∗ and thus Dbl (as ρ was fixed, see previous paragraph) were
determined directly from the spectral type. Initial disk masses were chosen following a distri-
bution described in Andrews & Williams (2005), who found for the Taurus-Auriga star-forming
region that the protoplanetary disk population had a log-normal distribution of mass centered
on Mmid = 3.3M⊕. As protoplanetary disks are the precursors to debris disks, this distribution
is a reasonable assumption for the purposes of the simple model. The Taurus-Auriga system is
populated by stars of ≤ 1M⊙. As the model stellar population will be of greater stellar mass,
the value of Mmid was allowed to vary and was a free parameter to be fixed by comparison to the
observed statistics. The disk radii were assumed to follow a power-law distribution N(r) ∝ rγ ,
were N(r)dr is the number of disks with radii from r to r + dr. The range of r was limited
to r ∈ (3, 120)AU, chosen to fit the radii inferred for the 46 detected disks of the Su et al.
(2006) sample. The value of γ was chosen by fitting to the population. These parameters thus
completely define the initial disk distribution and its subsequent evolution. For comparison to
observational statistics, the age of each system at the current epoch was chosen randomly from
the range tage ∈ (0, 800)Myr, appropriate for a population of A stars (note that tage describes
how long the star has been on the main-sequence, as this is the lifetime assumed for the disk).
The distances of the systems were assigned randomly from 0-42 pc assuming the systems were
distributed isotropically (N(d) ∝ d2; in reality the closest A star is at a distance of 2.4pc,
however this distribution effects only the observed radial location of the disks, as disk detection
in the mid-infrared is dominated by calibration uncertainty).
The data presented in Rieke et al. (2005) consists of observations of 76 stars at 24 µm
obtained with Spitzer, 12 of which were also observed at 70 µm, and so an estimate of the disk
radii could be obtained. For the whole sample, ages of the stars were determined in a consistent
manner (by cluster or moving group membership where known, or otherwise by locating on the
H-R diagram, Rieke et al. 2005), making this a valuable sample to compare with models of
debris evolution. Figure 2.4 shows the results of the modelling with best fitting parameters
based on comparison to the observed sample as originally presented in Wyatt et al. (2007b).
The best fitting parameters were found to be Q∗D = 150 J kg
−3, e = 0.05 and Dc = 60km.
The distribution of initial masses was centered on Mmid = 10M⊕. This is higher than the value
found observationally by Andrews & Williams (2005), but is well explained by the expected
higher disk mass for more massive stars (Natta et al. 2000). The distribution of radii (determ-
ined by γ), was determined by comparison to the subset of 12 objects observed at 70 µm. Only
the stars detectable at both 24 and 70 µm are included in the observed subsample, and thus
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Figure 2.4: The best fitting model to the Rieke et al. (2005) observations. Top left: 24 µm fractional
excess by increasing age. The filled circles are the Rieke et al. (2005) data and the dots are the model
disks. Rieke fit the data with an upper envelope to excess F24disk/F24∗ ≈ 150t
−1
age, shown here as a
solid line. Top right : Fraction of population with different levels of fractional excess (low 1–1.25,
medium 1.25–2 and high > 2 in different age bins used by Rieke et al. (2005). The observed data points
are show with
√
N error bars and model values are shown with joined dotted, dashed and solid lines
respectively. The original Rieke et al. (2005) plots are shown in Figure 1.5 Bottom : Distribution of
radii in the model. The dashed line is the model population, the dotted line the subset of the model
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the comparison was made with the subset of objects in the model predicted to be observable
at these wavelengths to constrain γ. The exponent was found to be γ ≈ −0.8 ± 0.6, with poor
constraints arising from the small number of observed objects. Although this sample is small,
it compares well with the observed distribution of radii inferred by Najita & Williams (2005)
from their sub-mm study of main-sequence stars.
My primary contribution to this aspect of the model’s application was in an initial test of
parameter space followed by determining the best fitting parameters using a χ2-test to compare
the subsample of objects in each age bin falling into the low, medium and high fractional excess
bins as described by Rieke et al. (2005) and shown in Figure 2.4 (F24disk/F24∗ = 1.0−1.25, 1.25−
2, > 2 for these bins respectively, age bins are < 90, 90 − 189, > 190 Myr). The error on the
best fitting value of γ is determined by the 68% confidence limit on the parameter, after fixing
all other parameters. The 68% confidence region defines the 1σ limit, under the assumption
that the errors are Gaussian. Then the 68% confidence region is bounded by the value of χ2
such that χ2 = χ2min +∆χ
2, where ∆χ2 is determined by the cumulative distribution of χ2 (the
probability that a random variable in a χ2 distribution is below ∆ is 68%). I tested a range of
γ from -4 to 6 and used comparisons of the predicted disk populations produced with both the
Rieke et al. (2005) sample of 12 stars, and the larger Su et al. (2006) sample of 56 stars with
known 24µm and 70µm fluxes. The results are consistent, with a best fit from the Su et al.
(2006) sample of γ = −0.8 ± 0.3. The reduced errors are a direct result of the larger sample
size.
It is immediately apparent from the plots that the model is easily able to reproduce the
observed sample with physically realistic parameters (see Section 2.3.1 for description of reas-
onable values for the free parameters). It is therefore not necessary to invoke a stochastic
evolution of disks to explain the observed fractional excess distributions as suggested in Rieke
et al. (2005). That is not to say that there is no stochastic contribution to the evolution,
rather that the observed statistics can be explained by a range of starting masses and radii of
planetesimal belts.
The limits placed on the free parameters are not unique. It is possible to reproduce the
statistics by changing more than one parameter in a complimentary way (e.g. the upper envelope





−5/3 ≈ 74× 103), it is also possible for example
to have a range of eccentricities, maximum planetesimal size and planetesimal strength that
fit the data rather than assuming these values are constant for all disks. A useful illustration
of the poor constraints on the model parameters is an application of a χ2-test to the model
varying γ and Dc but keeping all other parameters fixed as described above. The 1, 2 and 3 σ
confidence contours of this fit are shown in Figure 2.5. Note the very poor constraint on Dc.
Comparison of the model to the observed disks cannot therefore be used to constrain the values
of the parameters of the model, but is used here to demonstrate that the observed properties
of the sample, particularly the fall-off in maximum excess with age and the spread of levels
of excess at any particular age, can be readily reproduced within the context of a collisionally
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Figure 2.5: Confidence lim-
its on γ and Dc as determ-
ined by comparison of the pro-
duced model populations with
those seen in observed statistics
(in this case those of Su et al.
(2006)). In this testing all other
model parameters were fixed to
optimal values (see text). Note
that Dc in particular is poorly
constrained.
evolving planetesimal belt model.
A further application of the model is to make predictions of how many disks are likely to be
detectable in the SCUBA-2 legacy debris disk survey - an unbiased survey of the nearest 100
stars of each of the spectral types A-M (500 in total) at 850 µm (Matthews et al. 2007a). The
flux that can be expected from a belt at wavelength λ is given by
Fν disk = 2.35 × 10−11Bν(λ, T )σtotd−2 (2.19)
with d being the distance of the star in pc, T is the temperature of the dust in K, σtot is in
AU2, and Fν,disk is in Jy if the Planck function Bν is in Jy sr
−1 (compare with Equation 1.11).
Describing σtot in terms of f and using the best fitting parameters for f gives a disk flux for 7
A stars with known 850 µm emission accurate to within a factor of 2-8 (see Figure 8 of Wyatt
et al. 2007b). The error arises from the blackbody assumption made in the description of the
disk flux. At wavelengths longer than 70 µm, the emission from a disk falls off more steeply
than a blackbody due to the low emission efficiency of small dust grains. The model predicts
that 18 of the 100 A stars should have disks detectable above the 2 mJy threshold in the survey,
and that six of these should be large and bright enough to be resolvable on the > 6 ′′ scales
necessary for sub-mm imaging of the disk itself. The number could be larger if the radius
distribution is more like N(r) ∝ r−0.5, which cannot be ruled out with the current statistical
comparison. The results of the SCUBA-2 disk survey will set constraints on how many A stars
possess disks too cool to be observed in the far-infrared. The model presented here can be used
as a framework in which to examine the results of this survey, and determine what contribution
they can make to understanding of the evolution of debris disk systems.
2.4 Summary and discussion
The model presented in this chapter, originally published in Wyatt, Smith, et al. (2007a), has
been shown to be effective both as a tool to analyse individual systems, and as a framework
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in which to explore statistical trends in debris disk observations. However, as discussed in the
preceding sections, applying the model requires the user to make many assumptions about the
physical conditions of the disk, both in terms of the overall disk structure and the properties
of the individual planetesimal bodies. While observations and theoretical models can be used
to constrain the parameters, the result is highly non-unique and thus the model is a tool to be
used with some caution.
Despite the issues, this model can be used as a first step in the interpretation of confirmed
disks, as shown in Section 2.3.2. In this context it will be used to compare with observed
sources in Chapters 3 and 4. In addition, the comparison of the model to the statistics of Su
et al. (2006) have shown that the model can be used to make useful predictions on the number
of expected detections of disks in large surveys, although this application will not be validated
until the results of the SCUBA-2 legacy debris disk survey are known.
The interpretation of the excess emission from individual sources in terms of steady-state
or transient dust sources is highly dependent on both the location of the disk (r), and the
assumption of a narrow belt-like disk (small dr/r). The true dust distribution may in fact
be a spatially extended disk. Furthermore as discussed in Section 1.3 SED fitting assuming
blackbody grains can lead to errors in the dust location of up to a factor of 3. Resolving the
true disk morphology is therefore vital in allowing the correct interpretation of the dust source
even within the context of this simple model. Observations to determine the disk geometries
for a sample of Sun-like sources with potentially transient mid-infrared emission and a partner
sample of A-type stars whose emission can be explained by steady-state evolution are the focus




Hot Dust Around Sun-like Stars
3.1 Introduction
In this chapter, I present a series of observations of Sun-like (F, G and K-type main sequence)
stars in the mid-infrared which are predicted to have debris disks emitting at these wavelengths.
The majority of this work will also be presented in Smith et al. (2008). The aims of these
observations were three-fold: firstly to confirm that the excess emission is both real and centred
on the star (c.f. the problem of false detection of debris disk sources discussed in Section 1.4);
secondly to determine a fit to the excess emission through multi-wavelength photometry allowing
a prediction of the location of the dust responsible for the excess emission (see Equation 1.11);
and thirdly to attempt to resolve the disk emission through high resolution imaging.
As discussed in Section 1.4, debris disk emission in the mid-infrared around FGK-type stars
is rare. The temperature of such dust would predict a radial location of O(1 − 10)AU, in the
region expected to be occupied by gas giant planets. Before we can begin to understand why
such regions have a large population of dust grains, we must first confirm that these grains
do in fact exist and are at the locations predicted by simple SED fitting. Only once the dust
location is known can we begin to explore the reasons for its presence.
This chapter is structured as follows: In Section 3.2 the sample selection is described. In
Section 3.3 the various observational and analysis techniques employed for each instrument
used are outlined, and in section Section 3.4 a new method of placing quantifiable extension
limits on unresolved disk images is described. The results, analysis and discussion of individual
sources are presented in Section 3.5, and the implications of these results discussed in Section
3.6. Conclusions are in Section 3.7.
43
CHAPTER 3. HOT DUST AROUND SUN-LIKE STARS
3.2 The Sample
The sample consists of F, G, and K stars with IRAS published detections of excess emission at
12 and/or 25 µm 1. We removed from the sample those sources that have been well studied by
other authors. A first-cut was then applied to the list of all published detections consisting of
the following analysis to determine if the excess identified by IRAS was likely to be real.
For all stars in the sample J, H, and K fluxes are obtained from 2MASS and V and B mag-
nitudes from Tycho2. The Michigan Spectral Catalogues or SIMBAD were used to determine
the stellar spectral type. This was used to model the photospheric emission based on a Kurucz
model atmosphere appropriate to the spectral type and scaled to the K band flux. This allowed
determination of the photospheric contribution to the emission.
The IRAS fluxes were taken from the Faint Source Catalogue, and the Point Source Cata-
logue when FSC fluxes were not available (i.e. for sources in the Galactic plane). This in-
formation was then compared with fluxes extracted using SCANPI (the Scan Processing and
Integration tool) 2 which results in much reduced errors. This tool scans the raw IRAS data
and averages individual scans to determine the point source flux and error of the object in
question (as determined by coordinates) in each of the IRAS bands (12, 25, 60, and 100 µm).
The fluxes using different extraction methods could thus be analysed to give an independent
determination of the significance of any excess measured to see if problems with background
subtraction were affecting the results for example. Colour-correction was applied to the fluxes
at the levels described in the IRAS Explanatory Supplement 3. Specifically, colour-corrections
applied to the 12, 25, 60 and 100 µm fluxes were 1.43, 1.40, 1.32 and 1.09 respectively. For
stars with effective temperatures greater than 7000K (as determined by Kurucz profile fitting),
colour corrections of 1.45 and 1.41 at 12 and 25 µm, respectively, were applied. The colour
correction was applied only to the stellar component of emission, through multiplication of the
expected stellar flux by the colour-correction factor before subtraction to determine the excess
emission. No further colour-correction was applied to the excess emission. The proximity of
the IRAS sources to the stars was also checked given the quoted uncertainty error ellipses, since
some surveys allowed excess sources to be up to 60′′ offset and have since been shown to not be
related (Sylvester & Mannings 2000).
The final sample consisted of 11 stars of spectral types F, G and K and these are listed in
Table 3.2. HD12039, not included in the IRAS catalogues, was identified as a warm dust host
by Hines et al. (2006), and included in the later stages of this study.
1The sample stars are listed in the Debris Disk Database at http://www.roe.ac.uk/ukatc/research/topics/dust.
2http://scanpi.ipac.caltech.edu:9000/
3The IRAS Explanatory Supplement is available at http://irsa.ipac.caltech.edu/IRASdocs/exp.sup/
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Star name Stellar type Age Distance IRAS fluxes (mJy)a
HD Gyr pc 12µm 25µm
10800 G1/2V 7.6b 27.1 479 + 15 (20) 113 + 82 (17)
12039 G3/5V 0.03c 42.4 Not in IRAS databasec
53246d G6V O(0.1)e 36.5 82 + 293 (30) 19 + 143 (26)
65277d K4V 4.2f 17.5 184 - 46 (27) 43 + 83 (29)
69830 K0V 2g 12.6 603 + 77 (26) 142 + 171 (33)
79873d F3V 1.5b 68.9 157 - 21 (25) 37 + 95 (38)
η Corvih F2V 1.3b 18.2 1212 + 412 (42) 283 + 420 (50)
123356d G1V O(0.1)e 20.9 14 + 398 (53) 3 + 411 (56)
128400 G5V 0.3i 20.4 260 + 178 (24) 61 + 64 (23)
145263 F0V 0.009j 116.3 19 + 422 (50) 4 + 583 (35)
191089 F5V 3b 53.5 101 - 34 (29) 24 + 287 (55)
202406 F2IV/V 0.002 429.2 53 + 233 (33) 13 + 272 (48)
Table 3.1: The Sample of Sun-like Stars
References: a Fluxes are shown as star + excess (error) b Age taken from Geneva-Copenhagen Survey;
c Identified as having excess by Hines et al. (2006); d Binary object, see individual object descriptions,
Section 3.5; e Age estimated by placing on colour-magnitude diagram following the work of Song et al.
(2000); f Age taken from Valenti & Fischer (2005); gBeichman et al. (2006b); h HD 109085, has excess
at 60 and 100 µm; i Age from Gaidos (1999); j Honda et al. (2004).
3.3 Observations and Data Reduction
3.3.1 Observations
The observations were performed using a combination of: the Thermal Infrared MultiMode
Instrument TIMMI2 on the ESO 3.6m telescope at La Silla; VISIR, the VLT Spectrometer and
imager for the mid-infrared on the ESO VLT; and MICHELLE on Gemini-North.
The TIMMI2 and VISIR observations employed a chop throw of 10′′in the North-South
direction, while the MICHELLE observations used a chop of 15′′and the position angle was at
30◦. Telescope and sky emissions were removed by an additional nod throw of the same size,
taken in the perpendicular direction for TIMMI2 and VISIR, and in the parallel direction to
the chop for the MICHELLE observations. These are the defaults for each telescope, but in
addition the use of a perpendicular nod for TIMMI2 and VISIR allows four images of equal
flux (two positive and two negative) to result from a co-addition of the data. All four positions
are guided and this allows us to co-add the individual images to improve our signal-to-noise
without effecting the PSF. For MICHELLE the off beams are unguided and thus the negative
images cannot be included in the final image without damaging the PSF.
For the observations performed in perpendicular mode, this means that a straight co-
addition of the data results in an image with two positive and two negative images of the
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source. The parallel chop-nod technique results in one central positive image and one negative
image at half the level of the central image on either side in the throw direction (see Figure
3.1 for examples of the raw co-added data). A residual DC offset was removed by subtracting
the median in each column of the array and then in each row (the areas around the source
images are masked-off when determining these medians). The resulting images showed stat-
istical uncertainty varying by just a few percent across the central 20 square arcsecond region
around the images for all instruments. Bad pixels were determined by looking at the variations
in individual chopped frames, first creating ‘empty’ images in which only the half of a frame
not containing the source would be used, together with the opposite half of the frame from the
following nod position (which would also be empty). Pixels with a variance across the frames of
10 times more than the average were labelled ‘bad’ and masked off. Regions towards the edge
of the array were found to be particularly prone to such variations, and were masked more fre-
quently. Typically this stage would remove a few percent of pixels (O(1000), array 320x240 or
256x256). This was also used to determine the variation of the sky during the observation, and
in turn to determine the responsivity of individual pixels, so creating a gain map (in a perfect
detector the gain for all pixels would be 1). Note that in determining the gain map the regions
on which the source emission fell on the detector would be masked off, as due to the chop and
nod pattern the pixels would be unevenly illuminated in different nod frames and this would
lead to inaccuracies in determining the gain map. Any pixels showing a particularly high or
low gain (< 2/3 or > 3/2) were masked off. This would on average remove a few tens of pixels
in addition to the previous masking. In total an average of around 7% of pixels were removed
in the TIMMI2 observations, and around 4% of pixels in the Michelle and VISIR observations
(see Figure 3.2). This level was much reduced within the on-source apertures used to . 1%, as
most of the problem pixels were confined to the edges of the arrays, or to other regions which
were avoided when deciding where to place the object on the array.
In order to minimise the effects of changing conditions and airmass, calibration observations
were taken of standard stars within a few degrees of the science object, immediately before
and after each science observation whenever time constraints permitted. The standards were
chosen from the list of K and M giants listed by Cohen et al. (1999). In addition to photometric
calibration, these standards were used to characterise the PSF and used for comparison with
the science sources to detect any extension (see Section 3.2).
TIMMI2
The TIMMI2 observations were taken over three runs on 11-12 September 2003, 19-21 November
2003, and 24-26 January 2005 (ESO proposals 71.C-0312, 72.C-0041 and 74.C-0700). The con-
ditions on these nights were very different. In particular, the observations performed in January
2005 demonstrated poor photometric accuracy. For the nights in which accurate photometry
was not possible, it was still possible to place constraints on possible companion/background
sources and extension.
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Figure 3.1: Examples of the raw and reduced co-added images for each of the instruments used for the
observations presented in this chapter. Notice the strong background variations in the raw images are
removed by the data reduction processes. Note that the TIMMI2 observation shown is of lower signal
to noise than the 8m observations. Notice for our science observation of η Corvi with MICHELLE
(bottom) one of the unguided beams fell off the array. This is a further reason why only the guided
beams were used in my analysis of the data.
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Figure 3.2: Examples of typical mask frames
for each of the instruments used for the observa-
tions presented in this chapter. Black pixels were
masked off in the data reduction. Note that many
of the masked pixels are towards the edges of the
array. The VISIR detector had several regions of
poor response seen in the pattern of masked pixels
(left).
A wide range of instrument filters were used to study this sample (M at 4.6 µm, N1 at
8.7µm, N2 at 10.7µm, 9.8, 11.9, and 12.9). The pixel scale was 0.′′3 for the M band and 0.′′2
for the longer wavelengths, giving fields of view of 96′′ x 64′′ and 64′′ x 48′′ respectively. The
FWHM was an average of 0.′′80 ± 0.′′12 in the N band (the diffraction limit for this size of
telescope is∼ 0.′′7 at N).
Absolute pointing of the ESO 3.6m telescope is accurate to 5-10′′only. However, a pointing
accuracy of 1′′ could be achieved by performing an acquisition at M (which almost always
detects the stars) and accounting for offsets between the filters as measured by observations of
the bright standards.
VISIR
The VISIR observations were carried out over three nights in December 2005 (proposal 076.C-
0305). The conditions were good over all three nights, and allowed good photometric accuracy.
The seeing was somewhat variable, with FWHM for standards in N band of 0.′′465 ± 0.′′161,
and in the Q band 0.′′597 ± 0.′′166 over all observations (diffraction limit 0.′′32 at N, 0.′′56 at
Q). The PSF showed typical ellipticities of 0.18 and 0.1 in N and Q respectively. The same
ellipticity was seen at the same position angle (regardless of on-sky chop angle) in the science
and standard images and this instrumental artifact was well accounted for using the standard
star images as model PSFs (see Section 3.4).
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Two filters were used for the observations; the N band filter SiC with central wavelength
11.85 µm (bandwidth 2.34 µm) and Q band filter Q2 with central wavelength 18.72 µm (band-
width 0.88 µm). The pixel scale used was 0.′′075, giving a 19.′′2 x 19.′′2 field of view. Observations
of standards were performed before and after each observation, and we used standard obser-
vations throughout the night to determine an airmass correction. Calibration accuracy was
4% and 8% in N and Q, respectively. Acquisition was performed in the N band for all stars.
Chopping and nodding were performed in perpendicular mode as described above. The detector
array for the instrument had several regions of very poor gain that were masked out by both
the pipeline and our own reduction procedures, which required careful positioning of the stellar
image on the array, particularly when also trying to image companion objects.
MICHELLE
MICHELLE observations of HD109085 (η Corvi) were performed in service mode and taken
on December 31st 2005 under proposal GN-2005B-Q15 with filter Si-5 (11.6µm, bandwidth
1.1µm). The detector array is 320x240 pixels, with pixel scale 0.′′099 (resulting field of view is
31.′′68x23.′′76). The FWHM of the standards was 0.′′35± 0.′′02 (c.f. diffraction limit of 0.′′32).
An average of the two observations of the standard was used for calibration, with an uncer-
tainty of ±5.5% in calibration factor found between them. No airmass correction was necessary
as the objects were observed at very similar airmasses (1.3-1.25). As guiding is only possible in
one of the chopped positions with MICHELLE, one of the chop beams was always much poorer
than the other, giving an image of roughly twice the FWHM found for the guided beam. Only
the guided beams were included in our analysis.
3.3.2 Photometry and Background/Companion Objects
The result of the data reduction was an image for each observation consisting of four images
of the target star (two positive, two negative) if observed in perpendicular mode, or three
images of the target (one positive, two negative at half the level of detection) if observed in
parallel mode. The multiple images were co-added to get a final image by first determining
the centroid of each of the individual images (although not for MICHELLE observations, see
above). Photometry was then performed using a 1′′ radius aperture for the TIMMI2 images
and a 0.′′5 radius aperture for the VISIR and Michelle images. These sizes were chosen to just
exceed the full-width at half-maximum (FWHM) found for each instrument (as described in
Section 3.1, see also Figure 3.3). This minimises noise inclusion whilst including all the flux
from an unextended source. Note that the filters used in these observations were narrow band
and so no colour-correction was applied (note that the M band filter of TIMMI2 is not narrow
band, however observations with this filter where used to improve pointing accuracy and not for
photometry). Residual statistical image noise was calculated using an annulus centred on the
star with inner radius the same as that used for the photometry, and outer radius of twice the
inner radius (so 2′′ for TIMMI2 and 1′′ for VISIR and Michelle). Typical levels for statistical
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TIMMI2 MICHELLE
VISIR
Figure 3.3: Example plots of the signal-to-
noise of standard star observations for the differ-
ent instruments used for the observations in this
chapter. From examination of the signal-to-noise
across all observations, the optimal aperture sizes
were chosen.
noise at the 1 σ level in a 30 minute observation were 44mJy total in the 1.′′0 radius aperture of
TIMMI2 at N, 4 mJy and 12mJy for the 0.′′5 aperture of VISIR in N and Q respectively, and
6mJy in the 0.′′5 aperture of MICHELLE in filter Si-5.
Smaller apertures were used to search for background sources and to place limits on detected
sources. The aperture sizes were chosen to maximise the signal to noise of a point source in the
aperture as determined by testing the standard star observations. The sizes of aperture used
were 0.′′8 in radius for the TIMMI2 observations, 0.′′4 for Michelle, and 0.′′32 and 0.′′35 for the N
and Q filters for VISIR. Apertures systematically centred on each pixel of the array in turn were
searched for significant signal at the 3 σ level or above (based on the statistical noise). Where
none were found, the limits placed on the background object were based on the 3 σ uncertainty
in the aperture plus calibration uncertainty. For the non-photometric nights, limits were based
on calibration to the IRAS flux of the object. The upper limits to background sources are listed
in Table 3.5.
3.4 Extension testing
An important part of this study was to look for evidence of extension in the observation images,
or use the lack of extension to place limits on possible disk structure around the stars. For all
observations I fitted a two-dimensional Gaussian to detected sources and compared the science
image fit to that found for the standard stars. In addition, for all observations, the source’s
surface brightness profile was determined by calculating the average surface brightness in a
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series of annuli centered on the source of 2 pixel thickness by increasing the inner radius from
0 to 3′′ . The resulting sizes and profiles for all science observations were compared with those
of the standards observed immediately before and after the science observations to search for
any discrepancies in width.
To assess whether there is any evidence of extension in the science image, the images of the
point-like standard stars (scaled to the peak of the science observation) were used to model
what an unextended source would be expected to look like. A straight-forward subtraction of
the model from the science image was then performed and the resulting image subjected to a
test to check for consistency with noise levels as measured on the pre-subtraction stellar image.
Tests optimised for varying disk geometries were applied, choosing those that would give the
highest signal-to-noise detection should such disks exist, as outlined in the following section.
Note that since the PSF is scaled to the peak, then if the disk contributes to the peak some of
the disk flux has been removed. Essentially, I am testing the null hypothesis that the source is
unextended.
3.4.1 A new method of determining extension limits
Here I outline a determination of which levels of disk flux could be detected in an observation,
given its geometry. To do so, I made model images of an unresolved star, at a level F⋆, and a disk
at a level Fdisk, which I characterised by the parameter Rλ = Fdisk/(F⋆+Fdisk) = Fdisk/Ftot (see
Figure 3.4 second column). The disk was assumed to be an annulus of radius r and width dr (so
with inner radius r−dr/2, outer radius r+dr/2), with uniform surface density, at an inclination
to our line of sight of I. These images were convolved with model PSFs (Figure 3.4 first and
third columns). In this section, I approximated the PSF by a Gaussian of FWHM θ, but in
later sections I used the true observed PSFs. Models with dr/r ∈ [0.2, 2.0], r/θ ∈ [0.083, 6.67],
I ∈ [0, 90], and Rλ ∈ [0.001, 0.99] were tested. A best estimate of the unresolved contribution
to the image was removed by subtracting a PSF scaled to the peak surface brightness (centred
on the star, Figure 3.4 forth column). The optimum aperture that would be able to detect
the residual disk emission given the uncertainties inherent in the observing process was then
determined (Figure 3.4 fifth column). This optimal region has area Aop.
I considered two sources of noise that hinder a detection. The first is statistical noise, which
I assumed to be distributed in a Gaussian manner and which reduces in longer integrations
∝ t−0.5. This was characterised by S⋆, the signal-to-noise achieved on a flux F⋆ within an
aperture of radius θ, and area Aθ = πθ
2, where the noise per pixel is assumed to be the
background noise that is found across the array. Although the photon noise could dominate the
true signal-to-noise in the Aθ area, the detection of any residual (extended) emission (which in
most cases will be faint) after the PSF subtraction is dominated by the background noise level,
(in addition for observations in the mid-infrared, sky and background signal often dominates
the noise terms). Note also that noise arising from possibly inaccurate point source subtraction
is taken care of in the second noise term described below. The definition of Rλ thus implies that
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Figure 3.4: Examples of the models tested and the various stages used to determine the optimal
testing regions for detecting extended emission. The rows show three different models:Top: Face-on,
large radius r; middle: Face-on small radius r; bottom: Edge-on large radius r. The model images
(second column) are convolved with a PSF (first column), here approximated by a Gaussian to give
the convolve images (third column). The point-like component of the final image is then removed by
subtracting the PSF scaled to the peak of the convolved image (forth column). Finally a range of
possible regions to test for residual emission are determined by finding the shape and size of a region
that maximises the S/N on any residual emission on the array (black region, fifth column).
the signal-to-noise on the disk flux in the same aperture is S⋆(R
−1
λ − 1)−1 if Fdisk lies entirely
within the aperture. Note that S⋆ does not necessarily equate exactly with quoted instrumental
sensitivities for which the region used for optimum detection must be considered (see Figure
3.3). The second is the uncertainty in the PSFs due, e.g., to changes in the atmosphere which
I characterised by the uncertainty in the FWHM dθ leading to uncertainties in the flux in an
optimal region of size Aop of Ndθ. These uncertainties were quantified as the difference in the
flux in that optimal region when the PSF was changed from θ to θ+dθ. I tested dθ/θ ∈ [0, 0.1].
These noise sources were added in quadrature so that the final signal-to-noise in a region of
area Aop is





where N⋆ = F⋆/S⋆ is the statistical noise in the aperture used on the point source. Here Fop is
the flux in the optimal region, which assuming accurate subtraction of the stellar component in
the PSF subtraction should be some fraction of Fdisk, and Nop is the noise in this same optimal
region.
For any given geometry, a broad range of aperture parameters was considered and the
one that gave the highest signal-to-noise detection as defined in Equation 3.1 was chosen.
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Figure 3.5: Limits on detectable face-on disks for varying disk parameters. The region above the
lines represents the region of detectability. Left: The disk flux required to get a 3 sigma detection of
extension for disks of varying geometry in a face-on orientation (disk flux given in terms of Rλ) Right:
The signal-to-noise required for a significant detection for varying Rλ.
I consider a detection to be where Sop > 3. Note that the equations used to describe the
optimal regions and flux or noise therein in the following paragraphs were determined firstly
by looking at dependencies on each of the input model parameters in turn, then finding the
best fitting constants by minimising the differences between the analytical description of the
output parameter and the numerical findings over all tested models (i.e. minimise |numerical -
model|/model).
Face-on ring
Here I consider the results of the modelling when applied to face-on rings. For large disks, the
symmetrical nature of a face-on ring means that the optimum region will be a ring of radius
R, and width ∆, so that Aop ≈ 2πR∆. However, for disks close to or smaller than the size of
the PSF (r/θ < 1), we find that PSF accuracy is often the limiting factor. The optimal region
for detecting residual extended emission would tend to a circular aperture. Using the R, ∆
notation we note that when R−∆/2 < 0 the inner radius of the annulus becomes zero and the
optimal region becomes a circular aperture of radius R+∆/2. For the face-on disk case we find
R/r = 1 + 0.5(r/θ)−1(dθ/θ)(dr/r)
∆/r =
√
(dr/r)2−5(dθ/θ) + (1.47 − (dθ/θ))(r/θ)−2.3+10(dθ/θ)










with Sop determined from Equation 3.1. With these equations we can fit the numerical results
for Sop to better than ± 50% for 85% of the disks models tested.
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Notice that if the disk is large (r/θ ≫ 1) or the PSF perfectly known (dθ/θ = 0) then
Ndθ = 0 and Nop =
√
(Aop/Aθ)N2⋆ . Also when r/θ ≫ 1, Fop ≃ Fdisk and
Sop ≃ S⋆(θ/r)(2∆/r)−0.5(R−1λ − 1)−1. (3.3)
The required levels of Rλ as a function of r/θ and disk geometry to get a significant detection
(Sop > 3), as well as the signal required for a detection for a given Rλ are shown in Figure 3.5.
These plots show the fitted functions given in Equations 3.2. As mentioned above these functions
fit the numerical results to better than ± 50% for 85% of the disk models tested. The main
features of the plots (and the Equations in 3.2) can be understood as follows: As can be seen in
the equation for Fop (Equations 3.2) the signal falls to zero when r/θ < (dθ/θ)R
−0.5
λ . Thus even
when the disk emission completely dominates the signal (Rλ ≃ 1) we cannot detect an extended
disk to a smaller size than the uncertainties on the PSF. The optimal size of a disk in terms of
ease of detectability (minimal required Rλ and S⋆) is r/θ ≃ 1. This is easily understood from an
intuitive point of view, as larger disks r/θ > 1 have their flux dispersed over a wider area and so
have reduced surface brightness making them harder to detect (Sop ∝ (r/θ)−1, Equation 3.3),
and smaller disks are more adversely affected by errors in PSF subtraction (Ndθ ∝ 10−10(r/θ),
Equations 3.2), as well as by losing a large percentage of the disk flux in the peak-scaled point
source subtraction (Fop/Fdisk ∝ 10−0.1(r/θ)
−1
, Equations 3.2). Similarly, in the large disk case,
wider disks are more difficult to detect as they have a lower surface brightness (the statistical
noise over the optimal region will be higher as (∆/r)2 ∝ (dr/r)2). The sharp fall-off of Ndθ
with r/θ also explains why this error term can be neglected in the case of large face-on disks,
and why for r/θ ≫ 1 the required Rλ (or S⋆) for detecting extension with large or small dθ/θ
tend to the same limits. The dependence of Ndθ ∝ dθ/θ (Equations 3.2) means that, for smaller
disks, a higher uncertainty in the PSF has a strong effect in reducing the detectability of a disk
(disks of a given geometry require much higher Rλ or alternatively higher S⋆ to be detected).
Notice also that as Ndθ ∝ (dr/r)−1, when PSF error dominates over statistical noise, wider
disks are easier to detect as less of the disk flux is lost in PSF subtraction and more disk flux
may fall outside the region of PSF uncertainty.
In the small disk limit, there are two contributions to the noise term Nop; Ndθ from the
PSF uncertainty and
√
Aop/AθN⋆ from the statistical noise in the optimal region. A high
signal-to-noise will mean that Ntot ≃ Ndθ for small disks, as can be seen by the convergence of
the disk detectability limits with S⋆ = 200 and 5000 when r/θ is small. Conversely, when S⋆ is
low the statistical errors can dominate even in the small disk limit and there is little difference
in the detectable disk limits for small or large dθ/θ, as can be seen in the limits for S⋆ = 8.
The dominance of Ndθ for small disks and large S⋆ means that for small disks there is a limit
at which detectability cannot be improved by increased observation time (increased S⋆). We
can identify this point by considering when Ndθ >
√
Aop/AθN⋆, i.e. when Ntot is dominated






R0.5λ (1 − Rλ). (3.4)
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Figure 3.6: Limits on detectable edge-on disks for various disk parameters. The region above the lines
represents the region of detectability. Left: The disk flux required to get a 3 σ detection of extension
for disks of varying geometry in an edge-on orientation (disk flux given in terms of Rλ). Any disk above
the line of detection would be detected at a significant level. Right: The signal-to-noise required for a
significant detection for varying Rλ.
Edge-on ring
For an edge-on ring, the optimum region can be modelled by a rectangular box with side lengths
in the major and minor directions of Lmaj and Lmin, respectively. The orientation of the major
axis is that of the edge-on disk, which in testing the model limits is known from the input
model. In the testing of actual source images for a disk, all orientations of major axis should
be tested. I find
Lmaj/r = 2
√
2(dr/r)0.5 + 0.5(r/θ)−2.7 + 10Rλ(dθ/θ)(1 + r/θ)−2
Lmin/r = 2
√
0.007(dr/r)0.5 + (0.3 − 0.8dθ/θRλ)(r/θ)−2





with Nop and Sop determined from Equation 3.1. With these equations, we can fit the numerical
results for Sop to better than ± 50% for 80% of the disk models tested. Notice that, as with
the face-on disks, when r/θ is large Fop ≃ Fdisk and we have
Sop ≃ S⋆(θ/r)(R−1λ − 1)−1/
√
LmajLmin/πr2. (3.6)
The required levels of Rλ as a function of r/θ and disk geometry to get a significant detection,
as well as the signal required for a detection for a given Rλ are shown in Figure 3.6. In general,
the detectability limits for an edge-on disk follow a similar pattern to the limits for a face-on
disk, as can be seen in the similarity between Figures 3.5 and 3.6. The differences can be
understood as follows: the increased Rλ or S⋆ required for a significant detection is less steep
in r/θ than for the face-on case because, in the edge-on case, the loss in surface brightness
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with increasing disk radius is slower than for a face-on disk. Thus for a fixed θ, the signal-
to-noise will be generally higher in the edge-on geometry than for a face-on disk. Also in the
edge-on case, there is no dependence of Ndθ on dr/r, and so for small disks there is little
difference between the detectability of wide and narrow disks. Errors will be dominated by






R0.5λ (1 − Rλ). (3.7)
Inclined Ring
The case of an inclined disk, not edge-on, falls between these two extrema, and the optimal
region can be determined by interpolation between the two models dependent on the sine of
the disk inclination, sin(I). The signal-to-noise for an inclined disk, and thus the disk flux
required for a detection for a given observation, also follows a smooth transition between the
two extremes.
Summary
The equations and figures in this section can be used as a guide to which disks may be detectable
as extended sources in single dish imaging. The plots of Rλ vs r/θ for different sensitivity of
observation (characterised by S⋆) can be used to provide guidelines as to how bright a disk
must be compared to the star to be detected for different geometries. Any disks lying below the
lines shown cannot be detected as extended sources: thus if an observation shows no evidence
of extension, the area below the lines of detectability give the region of the parameter space
in which the disk can lie. The plots of S⋆ vs r/θ can be used to determine the required
observational time to resolve a disk in terms of the signal-to-noise required on the point-like
star (combined with knowledge of the instrumental sensitivity and an approximation of the
PSF) if the disk parameters are known or can be approximated (for example from SED fitting).
The limits that can be placed on the extension of a disk for a given observation are dependent
upon having a measure of Rλ. Often the disk flux is poorly constrained by the photometry, and
so this limits the accuracy to which the possible extent of the disk can be constrained. If the
disk flux is well known, then the possibility of resolving a disk is very sensitive to knowledge of
the PSF. In fact there are essentially two regimes when determining the detectability of disk
extension. When r/θ > 1, variations in the PSF have little effect on the optimal region and
the signal-to-noise therein, and extension detection is limited purely by the statistical noise
on the array. When r/θ < 1, the variation in the PSF dominates the noise through the Ndθ
term, and thus disk detections are limited by the degree of certainty to which the PSF can be
characterised. A disk cannot be detected to a smaller size than the absolute errors in the PSF,
or obviously to smaller than the pixel scale of the images, regardless of the signal strength of
the observation. I acknowledge that I am in effect talking about super-resolution of the disks,
as in our models we can detect extension just larger than a single pixel scale if the PSF is
perfectly known. In reality however, variation in the PSF both in terms of absolute width and
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variation in shape will severely restrict the possibility of resolving disks of this size. Figures 3.5
and 3.6 also show that the optimal disk size for detectability changes from ∼ r/θ when dθ/θ is
very small to larger radii with larger and more realistic values of dθ/θ. It is worth reiterating
that the value of θ does not encompass all of the information about the PSF, in particular
any asymmetries or ellipticity 6= 0 can affect extension limits. Therefore, when determining
the limits placed on the observed sources in this chapter, I used the PSF determined for each
source. For disks smaller than the limits to which we may reasonably expect a stable and
unvarying PSF, single aperture imaging will be unable to resolve the disk and interferometric
observations will be needed.
3.5 Results and Analysis
The observed sample can be divided into several sub-groups: main sequence stars with con-
firmed hot dust; hot dust hosts that have been incorrectly identified as main sequence objects;
and those with no excess or whose infrared excesses are actually due to background/companion
objects or statistical anomaly. Table 3.5 gives a brief description of the results, and Table 3.5
gives the best fits to the objects for which the excesses are confirmed. Sources are discussed
individually below.
3.5.1 Confirmed hot dust around η Corvi
The results confirm the presence of excess emission centred on the star toward η Corvi which
was originally shown to have an infrared excess by Stencel & Backman (1991) based on its large
infrared flux in the IRAS catalogue. The excess is 412 ± 42 mJy at 12 µm and 420 ± 50 mJy
at 25 µm (Table 3.2). η Corvi also has a sub-mm excess, at an approximate temperature of
40K, which has been imaged by Wyatt et al. (2005) using SCUBA. The deconvolved size of
this object is 100AU at 850 µm. The 450 µm image can be modelled by a ring at 150AU. The
SED of this object, having a large mid-infrared excess, shows evidence for a hot component in
addition to the cool 40K component. However, it is not clear if the hot component is at a single
temperature of 370K, as modelled by Wyatt et al. (2005) or at two temperatures, 360K and
120K, as suggested by Chen et al. (2006).
This source was observed with TIMMI2 at 9.56 µm, 10.54 µm and 11.59 µm. The images at
11.59 µm have the greatest calibration accuracy and were first reported in Wyatt et al. (2005).
Note that these observations were amongst the first taken for this study, and were first analysed
by Mark Wyatt before I commenced my PhD. The data was re-reduced and analysed using my
reduction programmes for this thesis (and the submitted paper) so that all data were analysed
consistently. With these observations, a background or companion source within the TIMMI2
field of view can be ruled out at the level of less than 76 mJy, indicating the excess is indeed
centred on the star.
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Star Observation Expected Results mJy a
name λ Integration Photospheric Total Total Stats. Background
HD µm time, s Instrument Flux, mJy Flux Error Error limit b
10800 11.59 1800 TIMMI2 513 477 54 15 ≤ 39
18.72 3762 VISIR 200 186 29 6 ≤ 14
12039 11.85 3588 VISIR 72 77 3 1 ≤ 2
53246 11.59 1800 TIMMI2 87 111 30 25 ≤ 62
65277 11.59 2400 TIMMI2 197 197 38 11 ≤ 31
11.85 1794 VISIR 188 182 3 1 ≤ 2
18.72 3762 VISIR 77 78 14 4 ≤ 10
Binary 11.59 2400 TIMMI2 55 33 17 11 /
11.85 1794 VISIR 53 32 4 2 /
18.72 3762 VISIR 21 14 6 4 /
69830 9.56 1980 TIMMI2 941 1255 135 32 ≤ 84
79873 11.59 1800 TIMMI2 167 160 18 11 ≤ 28
18.72 1881 VISIR 65 39 9 5 ≤ 12
Binary 11.59 1800 TIMMI2 14 0 11 11 /
18.72 1881 VISIR 6 0 5 5 /
η Corvi 9.56 1620 TIMMI2 1896 2883 240 63 ≤ 162
(109085) 10.54 3600 TIMMI2 1565 2451 373 48 ≤ 84
11.59 840 TIMMI2 1298 2151 127 40 ≤ 76
11.6 1244 Michelle 1296 1626 184 5 ≤ 33
11.85 1076 VISIRd 1243 1951 216 19 ≤ 28
18.72 1881 VISIR 505 814 76 10 ≤ 23
123356 10.54 660 TIMMI2 [18]c 671 207 78 64 ≤ 164
128400 8.60 600 TIMMI2 498 469 92 41 ≤ 109
9.56 661 TIMMI2 406 507 118 61 ≤ 162
145263 8.60 1380 TIMMI2 37 426 57 25 ≤ 64
191089 12.21 1440 TIMMI2 98 92 27 16 ≤ 43
202406 9.56 1800 TIMMI2 83 270 43 12 ≤ 30
11.59 1560 TIMMI2 57 278 54 16 ≤ 43
Table 3.2: The Observations of Sun-like Stars
Notes: a Total errors are inclusive of calibration uncertainty and image noise. b Limits are 3σ upper
limit to undetected object including calibration errors. c Here the companion object is brighter than
the primary; I show the primary flux in brackets; d This observation was affected by rising cirrus, and
so levels of noise on the image are much higher than other observations taken with this filter.
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Star name Fit as dust disk Limit on extension fIR = Ldust/L∗ famax
HD Temp, K AU ′′ ×10−5 ×10−5
η Corvi 320 1.7 0.09 <0.′′164 (+0.014
−0.009) 26 0.042
(109085) 360 + 120b 1.3 + 12 0.07 + 0.66 - 22 + 6 0.022 + 4.01
145263c 290 1.8 0.015 <0.′′69 +0.31
−0.21 2033 13.7
202406d 290 7.4 0.025 <0.′′33+0.21
−0.13 371 22.9
12039 120e 5.05 0.12 - 8.9 23.3
69830 390f 0.33 0.026 - 25.4 0.0006
191089 110 11.5 0.21 - 233 1.58
Table 3.3: The Fits to the Excess Emission of the Sun-like Stars
Note that the objects with no extension limits have too low a fractional excess for the extension to
have been detected in the images regardless of size. Limits shown here are for a narrow face-on disk.
Errors arise from 3 σ photometric errors - see Section 4.1.4.
Notes: a see section 6.2 for details of this limit; b Fit suggested by (Chen et al. 2006); c HAeBe Star ;
d Possible HAeBe star ; e Fit from (Hines et al. 2006); f (Beichman et al. 2006b) suggest Hale-Bopp
type comet.
Further observations using VISIR confirm the presence of excess emission at N and Q centred
on the star at a level consistent with that detected by IRAS and Spitzer (Chen et al. 2006).
The detected flux is 1951 ± 216 mJy and 814 ± 85 mJy at 11.85 and 18.72 µm respectively
(photospheric emission expected to be 1243 and 505 mJy in these filters). The N band excess
emission from the VISIR observation is higher than that of IRAS at 12 µm and Spitzer IRS
measurements at N, but the large calibration error means that this difference is not significant.
The MICHELLE observation also has a high calibration error: the detected flux is 1626 ± 184
mJy and so does not confirm the excess at the 3 σ level of significance (photosphere expected
to be 1298 mJy). The limit on excess is in line with the IRAS measurements (see Table 3.2).
These data points, together with the IRAS and SCUBA measurements of excess and the IRS
spectra presented by (Chen et al. 2006) are shown in Figure 3.9. The observations allow us to
place limits on possible background companions within the field of view of the instruments to
less than 28 mJy at N and less than 23 mJy at Q.
The final images for η Corvi from the MICHELLE and VISIR Q band imaging are shown
in Figure 3.7 together with the PSFs obtained from the standard star observations and the
residuals after subtracting the scaled PSF from the science images. These residual images
were subjected to testing using a wide range of optimal regions as defined in Section 3.4.1 to
search for significant residual emission indicative of extension - none was found beyond the
PSF uncertainty at either N or Q. The surface brightness profiles are also shown in Figure
3.8 which confirm that the science images are consistent with the PSFs. The observed PSFs
were then convolved with our range of disk models described in section 4.1 and these convolved
images treated in the same way to test which set of disk parameters would have led to a
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Figure 3.7: The final images of η Corvi and the standard star associated with it, and the η Corvi
image after subtraction of the scaled standard star image which is examined for residuals indicative of
extended disk emission. Top: The MICHELLE N band images; bottom: the VISIR Q band images.
Figure 3.8: The surface brightness profiles of η Corvi and the standard star images associated with
the observations. The profiles of η Corvi are consistent with those of the point-like standard stars.
Figure 3.9: The two alternative fits to the excess emission of η Corvi. The symbols > 10µm represent
calibrated flux after subtraction of photospheric emission. Error bars are 3 σ. The grey dotted line
represents the IRS spectra of Chen et al. (2006) after subtraction of the photosphere. The dashed
lines indicate modified blackbody emission modelling of the disk flux and the dot-dashed lines the total
emission from the multi-temperature disk. Model A is left, model B on the right.
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Figure 3.10: The 3 σ limits placed on the disk models by non-detection of extension in the images of
η Corvi. Left: The most stringent limits placed on possible disk radius at N are achieved with Michelle
due to the poor seeing of the VISIR observation. Right: The extension limits given by the VISIR Q
band imaging. In both plots error bars represent the 3 σ errors on Rλ due to photometric uncertainty.
The shaded area is the area in which disk populations could lie given the non-detection of extension.
See text for model details and the implications of these limits.
significant detection in our optimal regions. Figure 3.10 shows the extension limits plots for
the MICHELLE N band imaging and VISIR Q band imaging, which as discussed in Section
4.1.4 are strongly dependent on the level of fractional excess, and thus on the number of
disk temperatures used to fit the excess emission. We discuss these limits in the context of
two possible interpretations, in which the dust emitting in the mid-infrared is either at one
temperature (model A), or at two temperatures (model B), making the further assumption
that each temperature corresponds to a different radius in the disk.
Model A: Using a single temperature to fit the hot component, I find that a fit of 320K is
best suited to our interpretation of the IRAS measurements, slightly lower than the 370K found
by Wyatt et al. (2005) (see Figure 3.9, left). I fit the SCUBA excesses with a 40K blackbody
(at ∼110 AU). The luminosity of this F2V star as fitted by a Kurucz profile (see section 2) is 5.5
L⊙, and thus assuming that the emitting grains behave like blackbodies, dust grains emitting at
320K would be at a distance of 1.7 AU (0.′′09). Note that this blackbody fit is suggested merely
as a guide to an approximate temperature and thus location of a single dust population fit to
the data. In the extension testing procedures it is the value of Rλ that is crucial to determine
the outer limits of the possible disk size. The IRS photometry of Chen et al. (2006) suggests
fractional excess of Rλ = 0.24 and 0.47 at N and Q. The extension limits show that assuming a
face-on narrow disk geometry, such a component must be of a radial size of less than 0.′′164 ±
0.′′01 (from the tightest Q band limit), which translates to a radial offset of 2.98 AU, thus this
model is consistent with the limits. However, there can be a difference of up to a factor of 3
between a blackbody fit and the true radial offset of a dust population (Schneider et al. 2006).
The extension limits presented here thus constrain the maximum radial location of the single
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temperature fit to less than 0.′′164 assuming a narrow face-on ring, or 0.′′253 (from MICHELLE
limits) assuming a wide ring (see Figure 3.10).
Model B: The alternative interpretation of the emission spectrum is that suggested by
Chen et al. (2006), which is that there are two blackbody components to the mid-infrared
spectrum that are at two different temperatures of 360K and 120K (see Figure 3.9, right).
Again we also use a 40K (∼ 110AU) component to fit the sub-mm excess. Based on the stellar
luminosity of 5.5L⊙, 360K translates to a radial offset of 1.3 AU (0.
′′07), and a fractional excess
of R11.6µm = 0.20 and R18.72µm = 0.34 based on a blackbody fit. Here the blackbody fits
have been used to give likely relative contributions to the emission at each wavelength from
the two components. Again the value of Rλ is crucial when determining the limits we can
place on the disk extension. The extension limits suggest an outer limit of 0.′′19 ± 0.′′02 for
a narrow face-on ring (Q band limit) for this hot component assuming 3 σ limits. The 120K
component is expected to lie at 12 AU (0.′′66) with fractional excesses of R11.6µm = 0.005 and
R18.72µm = 0.105. The Q band limits rule out a narrow face-on ring at this level of emission at
the 3.5 σ level. A narrow edge-on ring is also ruled out at a low significance of 3.4 σ, as is a
wide face-on ring at 2.6 σ, although a wide edge-on ring is only ruled out at 2.3 σ. In addition,
these limits are determined using Rλ = 0.105 at Q for this dust component. Photometric errors
and errors in determination of the relative contributions to the excess emission from the 370K
and 120K components respectively at Q mean that this could be as high as 0.134, or as low as
0.057. An extended observation of this source at Q, with a signal-to-noise of at least double
that achieved in these observations, would spatially resolve this component, or allow it to be
ruled out at a more certain level of significance.
To summarise, the observations do not allow a clear differentiation between the two altern-
ative models for the excess emission. At the 2.6 σ level (assuming a reasonably favourable disk
geometry), the limits favour model A - a single hot component at 320K in addition to the cool
40K component already known. I was also able to set constraints on the radial extent of the
model A fit and the hotter component of model B. These limits suggest that the radial size of
the disk is at most 1.75 times that predicted from a blackbody interpretation for model A, or
2.7 times the blackbody prediction for the hottest component of model B. Deeper observations
at Q are required to allow a clearer differentiation between the two models. The spatial extent
of components at 320K or 360K (models A and B respectively) are expected to be smaller or
comparable to the single pixel scale of VISIR and MICHELLE, and are unlikely to be resolvable
on 8m instruments. Mid-infrared interferometry is the only tool that currently has the potential
to resolve emission on such a small spatial scale (see Chapter 5).
3.5.2 Confirmed hot disks around young stars.
Two of the sample are also confirmed to have hot excess emission. However, on further invest-
igation these are found to be much younger than the rest of the sample.
HD145263: This star was originally proposed as a debris disk hosting candidate by Mannings
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Figure 3.11: The SEDs of the two young confirmed excess emission sources. The solid line gives the
photospheric emission modelled by Kurucz atmospheres, and the flux levels plotted at > 10µm are
measurements of excess after the subtraction of the photosphere. Limits and error bars are 3 sigma.
Dotted lines are single temperature blackbody fits to the excess. The fits are described in Table 3.5.
& Barlow (1998). It has an IRAS excess at 12 µm of 422 ± 50 mJy and at 25 µm of 583 ± 35
mJy (see Table 3.2). It was also studied by Honda et al. (2004) using Subaru/COMICS from
8-13 µm. No pointing error is quoted by Honda et al. (2004), but the blind pointing accuracy
of the Subaru Telescope is less than 1′′ , and so it can be assumed that the crystalline silicate
grains with a broad feature with shoulders at 9.3 and 11.44 µm seen in their spectrum are
from a disk around the star. HD145263 is a member of the Upper Scorpius association, whose
age is estimated to be 8-10Myr. It is close to the zero-age main sequence in the H-R diagram
(Sylvester & Mannings 2000). The fractional luminosity as measured using the fits to the IRAS
detections is LIR/L∗ = 0.014, smaller than is typical for T Tauri and HAeBe stars but larger
than for debris disk hosts (see Lagrange et al. 2000 and references therein). Thus Honda et al.
(2004) suggest this star could be considered a young Vega-like star.
The excess at 8.6 µm is confirmed with our TIMMI2 data, finding a flux of 426 ± 57 mJy
(expected photospheric emission at this wavelength is 37 mJy). This result is consistent with the
IRAS fluxes and also the spectra of Honda et al. (2004). The data place a limit on undetected
background or companion sources of less than 64 mJy. Since the stellar photosphere would not
have been detected, I can only confirm that the source is centred on the star to within 1′′, the
accuracy of the pointing. No extension is detected in the image of this source. Applying a
blackbody fit to the excess emission gives a temperature of 290K (see Figure 3.11 left), and at
this wavelength an Rλ of 0.88. Though the disk flux is bright, the radial offset of the dust is
predicted to be 1.8AU, which at the distance of this star as measured by its parallax (116 pc,
Perryman et al. 1997) is only 0.′′015. Such a small disk is beyond the resolution limits of even
the 8m class telescopes, and could only be resolved using interferometry (see e.g., Ratzka et al.
2007 for an example of a T Tauri star resolved using interferometry). The extension limits from
these observations are only very weak (see Table 3.5).
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HD202406: Oudmaijer et al. (1992) identified this object in a survey of SAO stars for
IRAS excess. Its luminosity class in the HIPPARCOS catalogue is identified as IV/V. The
parallax of this object is quite uncertain (2.33 ± 1.44 mas), and gives a distance to this object
of 430+410
−142 pc, but assuming the star has the luminosity of a main sequence F2 star (2.9L⊙)
would imply a distance of only 63 pc, which is incompatible with the HIPPARCOS parallax.
It is likely therefore to be a subgiant or pre-main sequence object. There is no information in
the literature about rotational velocity or spectral lines for this object to enable us to make
a distinction between these two possibilities. However, it does lie in the direction of a group
of molecular clouds M46, M47, and M48, which lie at a distance of & 290 pc (Franco 1989).
Projected proximity to this cloud region suggests the star is more likely to be a pre-main
sequence star. In the following discussion, I assume a distance of 300pc, consistent with the
molecular clouds, implying L∗ = 65L⊙. Using the stellar models of Siess et al. (2000) and
taking an effective temperature of 7000K (appropriate for an F2 star), a likely age for this star
is 1.6 Myr. This is in agreement with the evolutionary tracks of Palla & Stahler (1993), which
suggest an age of 3 Myr for this object.
The TIMMI2 observations of HD202406 detect excess emission centred on the photosphere
at > 4σ at 9.56 and 11.59 µm. The detected levels of flux at these wavelengths are 270 ± 43
mJy and 278 ± 54 mJy (photosphere expected to be 83 and 57 mJy), respectively. A limit
of less than 30 mJy can be placed on any undetected background object at 9.56 µm, and less
than 43 mJy at 11.59 µm. Fitting the excess emission with a blackbody gives a temperature of
290K (see Figure 3.11, right) which corresponds to a dust location of 7.4AU (0.′′025). Note that
if a different stellar distance had been used, the dust offset in arcseconds would have been the
same (due to an increased luminosity and thus radial offset of dust for the same temperature
blackbody fit at increased distance). Given this small predicted size, it is unsurprising that no
extension was detected in the images. Indeed, the limit set from extension testing is less than
0.′′33 radius for a thin ring around this source at R11.59µm = 0.81, corresponding to a radius of 99
AU. The shape of the emission here has been modelled by a blackbody. However, at the level of
3 σ, a simple power-law distribution would fit this emission equally well. Thus we require limits
on excess at shorter wavelengths to determine a grouping according to the scheme of Meeus
et al. (2001) which corresponds to a differentiation between a flat and flared disk geometry.
This in turn may indicate evolutionary status, as a dip around 10 µm is thought to develop and
widen with age (see e.g., van den Ancker et al. 1997). It should be noted however that with
the blackbody fits presented here, an LIR/L∗ of 0.00371 is derived, which as for HD145263, is
lower than typical T Tauri stars for which values of LIR/L∗ of O(0.1) are more typical (see e.g.,
Padgett et al. 2006). This may indicate that both of these objects are in a transitional stage.
Transition objects are those between a proto-planetary (optically thick disk) and debris disk
stages. Alexander (2007) suggests that transition disks can be characterised by having optically
thin emission at short wavelengths and optically thick emission at longer wavelengths. This
reflects the theoretical prediction that disk clearing should occur closer to the star at earlier
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Figure 3.12: Observations results for HD69830. Left: The extension testing limits for the observation
of HD 69830. Note that at the measured level of fractional excess, no limits can be placed on possible
extension (fractional excess level taken from SED fit). The predicted disk size is shown by an asterisk
with error bars marking the 3 sigma photometric errors. The shaded area shows the possible disk
location. Right: The SED of this object, with excess measurements shown after the subtraction of
the photospheric contribution. The blackbody fit to the excess shown by the dotted line and gives the
predicted disk size shown in the left-hand Figure. The dashed line shows the photosphere subtracted
Spitzer IRS spectra obtained by Beichman et al. (2005a). Note the obvious strong silicate features.
times (hence the dip at 10µm mentioned above).
3.5.3 Constraints on hot dust sources
HD69830: Mannings & Barlow (1998) used the IRAS database to identify an excess around
HD69830 in the 25 µm band, at the level of 5 σ (142 mJy photosphere, excess 171 ± 33 mJy, see
Table 3.2). There is no detection of excess at longer wavelengths, and an insignificant excess at
12 µm. SCUBA observations limit the excess at 850 µm to < 7 mJy (Matthews et al. 2007b).
Beichman et al. (2005a) observed this object with the IRS and MIPS instruments on Spitzer
and found further evidence for excess at 24 µm with MIPS, and between 8 and 35 µm with IRS.
No excess was found at 70 µm. At 24 µm the excess was measured to be 70 ± 12 mJy (aperture
15′′radius). The IRS spectra between 8-35 µm reveals the presence of crystalline silicates (see
dashed line, Figure 3.12, right). Interest in this source has intensified since the discovery of 3
Neptune mass planets at < 1 AU (Lovis et al. 2006).
Poor weather meant that our TIMMI2 measures of the N band photometry for this object
are non-photometric. The object is detected at a signal-to-noise of 39, and we find a calibrated
flux of 1255 ± 135 mJy using just the standard observations immediately before and after the
science observation for calibration. As conditions were very changeable over the course of the
night, this may mean that the errors are under-estimated. At this level of flux, we are within
3 σ of the predicted photosphere at this wavelength (941 mJy at 9.56 µm). A 3 σ limit of 84
mJy can be placed on any background/companion object in the field of view, making it highly
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Figure 3.13: The SED fits of objects with hot dust confirmed in the literature. For both objects, the
solid line is photospheric emission as modelled by a Kurucz profile. Symbols representing the excess
measurements are the measured flux minus the photospheric emission as modelled by the Kurucz
profiles. Error bars and upper limits are at the 3 sigma level. The dashed line on the plot of HD191089
is the publicly-available low-resolution IRS spectrum after photospheric subtraction originally presented
in Chen et al. (2006). The dotted lines are blackbody fits to the dust emission with parameters described
in Table 3.
unlikely that the Spitzer photometric excesses obtained in a larger aperture are due to any such
object. Thus we can be confident that the excess emission is centred on the star.
The source does not exhibit extension. The extension testing procedures were applied to
this observation and the resulting detectability limits are shown in Figure 3.12 (left). The
limits show that a minimum extended contribution of Rλ = 0.107 is necessary to place spatial
constraints on the disk flux. The SED fit of a blackbody at 390K translates to a disk radius
of 0.33AU (0.′′026), with a fractional contribution to the excess of Rλ = 0.07 at the wavelength
of this observation (see Figure 3.12, right). This predicted disk model is shown on Figure
3.12 (left). Beichman et al. (2005a) suggest a disk radius of 0.5AU (0.′′04), and from the IRS
spectra an Rλ of 0.05. Also Lisse et al. (2007) model the system in detail including the known
Neptune-mass planets and find a dust radius of ∼ 1AU (0.′′08). However, given that the expected
fractional flux contribution at N is only 5–7%, it is unsurprising that the disk is unresolved.
The small spatial scale suggested by these models would require mid-infrared interferometry to
resolve the emission (see Section 3.4.1 and Chapter 5).
HD191089: HD191089 was identified by Mannings & Barlow (1998) as a debris disk candid-
ate based on its IRAS photometry. This source has excesses at 25 µm of 287 mJy and 60 µm of
735 mJy at the 5 and 17 σ levels respectively (as noted in Table 3.2). At shorter wavelengths
there was no excess detected by IRAS.
This object was observed at 12.21 µm with TIMMI2. The photosphere was detected at a
signal-to-noise of 5.75. The photometry is consistent with the predicted photospheric emission
(92 ± 27 mJy calibrated flux; Kurucz model profile predicts 98mJy from the photosphere).
There is no other source detected in the field, with a limit on undetected objects of < 43 mJy.
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There are no bright 2MASS sources within the IRAS pointing-error lobe of 14′′of this star
which could be responsible for IRAS confusion. These limits suggest it is highly likely that
the excess detected at longer wavelengths is indeed centred on the star HD191089. Publicly-
available Spitzer IRS low-resolution spectra (originally presented in Chen et al. 2006) are shown
after photospheric subtraction on the SED of this object by a dashed line (see Figure 3.13).
This spectrum shows that at < 12 µm there is no excess, which allows us to place limits on
the minimum radius and maximum temperature of the dust around the star of no hotter than
110K (11.5AU, 0.′′21) as fit by a blackbody curve (see Figure 3.13). The IRS data show good
agreement with the blackbody fit at longer wavelengths (20–40µm), but a steeper cut-off at the
short-wavelength end (8–15µm), which may be an effect of grain properties such as chemical
composition and size. The predicted size and flux level of this disk make it an ideal candidate
for imaging at 25µm with an 8m telescope to determine the true size and nature of this disk,
as although the predicted 0.′′21 is small compared to the diffraction limit of an 8m telescope
at 25µm (which is 0.′′8), a factor of three uncertainty in a disk location can be expected from
the use of a blackbody fit to estimate the location. Thus even if no extension is seen, useful
constraints on the true disk location can be expected from application of the extension limits
testing procedure to such observations.
The age of this source is subject to some uncertainty. Isochrone fitting has given an age of
3Gyr (Nordstrom et al. 2004) or 1.6Gyr (Chen et al. 2006). However using X-ray and lithium
abundance data among other techniques, Zuckerman & Song (2004) put the age of this source
at ≤ 100Myr. Moór et al. (2006) also suggested this source is a possible member of the β
Pictoris moving group, giving HD191089 a likely age of 12Myr. These alternative age estimates
suggest this source is much younger than the 3Gyr used here to determine fmax (as described
in 3.6.2). Using tage = 12Myr would give fmax = 395× 10−5 (compared to fobs = 233× 10−5).
Thus even neglecting the uncertainties in the model for fmax described in Chapter 2 and in
Section 3.6.2, with these alternative age estimates the excess emission around this source can
easily be explained in the context of a steady-state collisionally evolving planetesimal disk.
HD12039: This star was identified by Hines et al. (2006) as having an excess at 24 µm
of 7 mJy (3 σ detection) but no excess at 70 µm. The target aperture used in the Spitzer
observations was 14.′′7 at 24 µm. Further IRS spectra were taken with Spitzer, with a 0.′′4
1 σ uncertainty radius in the spectrograph slit. This spectrum shows the infrared emission
departing from the photosphere at 12-14 µm (see Figure 4 of Hines et al. 2006).
HD12039 was studied with VISIR in the N band. At N, this source is detected with signal-
to-noise of 26, and calibrated flux of 77 ± 3 mJy; this is within 2 σ of the predicted photospheric
emission. The results place an upper limit on the excess at 11.85 µm of 14 mJy. No other source
was detected within the field-of-view and a limit of ≤ 2mJy can be placed on undetected sources.
Our data agree well with the Spitzer data at Hines et al. (2006); the Spitzer photometry limits
excess to less than 32 mJy at 13 µm. The pointing accuracy achieved in the Spitzer observations,
the lack of detection of additional sources within the field, and the agreement between the VISIR
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HD65277


















Figure 3.14: The companion of HD65277. Top: The N band VLT image of HD65277 and its binary
companion offset by 5.′′2 at position angle 56◦ East of North. Bottom: A fit to the orbit of this
companion, with the VLT data shown as 2005. Black star symbols represent measured offsets and grey
symbols the position of the companion predicted by the orbital fit. HD65277 is shown by the large
light grey star symbol. See text for full details of the orbit.
photometry and that of Spitzer suggest that the IRS spectra and MIPS photometry are indeed
measuring an excess centred on the star.
SED fitting to the MIPS detections suggests a dust temperature of 120K, corresponding to
an offset of 5AU (0.′′12) from the star (see Table 3.5 and Figure 3.13, right for SED). This is
in good agreement with a model for the emission proposed by Hines et al. (2006), who adopt
blackbody grains at 4-6AU from the star. However, as pointed out by Hines et al. (2006), an
alternative model of a power-law distribution of grains with radii between 0.4-1000µm located
between 28 and 40 AU from the star provides an equally good fit to the data.
3.5.4 No dust detection
I now consider the members of the sample which were erroneously identified as having excess
emission. Five of these objects have companion or background sources which are responsible
for the IRAS detection of excess; one shows no evidence for current excess emission.
HD65277: This star has a 25µm excess at the 2.8 σ level, and no significant excess at 12
µm (see Table 3.2). In the 2MASS catalogue there is an additional object 2MASS 07575807-
0048491 (which for brevity in the following discussion shall be referred to as HD65277b) at a
separation of ∼5′′ .
The primary object is detected at 182 ± 3 mJy and 78 ± 14 mJy in N and Q on VISIR.
HD65277b is detected in the M and N band images of TIMMI2 at 5 σ and 3 σ respectively. It
is strongly detected in N by VISIR, with a calibrated flux of 32 ± 4 mJy and is detected at Q
at the 3 σ level (14 ± 6 mJy including calibration errors; see Table 3.5). The N band VISIR
image is shown in Figure 3.14. The companion is at ∆RA = 4.′′32 ± 0.′′09, ∆dec = 2.′′91 ±
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0.′′085. The observations place constraints on additional undetected objects within the VISIR
field of view of 2 and 10 mJy at 12 and 18 µm respectively.
The measured levels of flux for the primary are consistent with the expected photospheric
emission (see Figure 3.15, top left). I use the K band magnitude of the secondary as listed
in the 2MASS catalogue and assume a common distance of 17.5 pc with the primary to fit
the spectral type of the companion as M4.5. The profile is modelled with a NextGen model
atmosphere appropriate to this spectral type (Hauschildt et al. 1999). The M band detection
of the secondary is calibrated to the expected flux of the primary photosphere and is measured
as 133 ± 25 mJy, a little low compared to the expected 244 mJy which may be the result of
a large filter width (∆λ = .69µm) and the TiO absorption features seen in M-type stars at
around this wavelength. The VLT N band flux of HD65277b is also a little low, but scaling to
the expected primary flux, the difference is at the 3 σ level.
Additional data available for this object allows us to make a preliminary estimate of the
orbit for HD65277b. This orbit is shown in Figure 3.14. The VISIR data is the point marked
as 2005 (exact epoch 2005.935). The data from 1999 are the 2MASS catalogue data (observed
12-01-1999). The earlier data are listed in the Washington Double Star Catalogue (Worley &
Douglass 1997). The orbital fit has the following parameters: a = 95AU; e = 0.85; I = 35◦; ω̄ =
290◦; Ω = 100◦; with the last pericenter pass in 1885. The masses of the stars are taken to be
0.69 M⊙ for the primary and 0.23 M⊙ for HD65277b, as appropriate to their spectral types.
The predicted flux of the binary at 25 µm is 12 mJy, and subtracting this from the IRAS
measurements leaves an excess of only 59 ± 29 mJy, an insignificant detection. Thus I conclude
that the IRAS detection of excess is caused by inclusion of the binary and is not indicative of
significant circumstellar disk emission.
HD53246: This star has an excess at 12 µm of 293 mJy at the 9.8 σ level, and at 24 µm of
143 mJy at the 5.5 σ level (Table 3.2) based on the IRAS catalogue. This star is also detected
in the MSX catalogue at 8.28µm, with flux 164 ± 19 mJy. This detection is consistent with
the expected photosphere at this wavelength (168 mJy).
In the observations presented here, a source is detected within 1′′of the expected source
location at a signal-to-noise of 4.5, but calibration errors introduce high uncertainty in the pho-
tometry. The calibrated flux is 111 ± 30 mJy (expected photospheric emission from HD53246
is 87 mJy). However, there is no evidence for excess as the fluxes are in line with that expected
from the photosphere, and limit any undetected excess to less than 114mJy (see Figure 3.15,
top right, for SED). The possibility of an additional object within the TIMMI2 field of view of
above 62 mJy is ruled out at the 3 σ level.
I attribute the significant excess emission to an additional MSX source (G234.4643-07.5741)
at 89′′(position angle 101◦) detected at 8.28µm at a level of 179 ± 19 mJy. The IRAS Point
Source Catalogue position for this object is between HD53246 and the MSX source, offset
from HD53246 by 31′′ at a position angle of 94◦. The error ellipse given in the catalogue is
44′′ by 10′′ (with position angle 101◦). This is larger than average for the IRAS catalogue
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(estimated to be 16′′ in the cross-scan direction and 3′′ in the in-scan direction, Beichman
et al. 1988), suggesting that the IRAS fluxes could be contaminated by emission falling outside
the TIMMI2 field of view. I believe that confusion caused by the nearby MSX source is the
likely origin for the excess. This MSX source has a very similar level of emission to the star,
with a flux of 170 ± 19 mJy at 8.6 µm compared to HD53246 with a flux of 164 mJy, but
no other published detections and so a spectral type cannot be ascribed. As the star is in the
galactic plane (b = −7.6◦), it is likely to be a background source. Assuming the same flux as
the star at the IRAS wavelengths reduces the excess emission to 165 mJy and 114 mJy at 12
and 25 µm respectively, with significance of 5.5 and 4.4 σ, respectively. However, the additional
uncertainty of having no information on the MSX source and thus only estimated emission
at the IRAS wavelengths means it is quite possible that the MSX source has higher flux at
the IRAS wavelengths, and thus the IRAS photometry cannot be viewed as evidence of excess
emission.
HD79873: HD79873 has a marginally significant excess at 25 µm but no significant excess at
shorter or longer wavelengths. The 25 µm excess was 71 mJy at just below the 2 σ level (Table
3.2). This star also has a companion with V band magnitude of 11 in the Visual Double Star
catalogue (Dommanget & Nys 2000) at a separation of 2.′′1, (the primary has a corresponding
V magnitude of 6.5). It is not resolved in 2MASS.
The primary is detected in the TIMMI2 and VISIR observations at N and Q, at levels of
emission consistent with the expected photospheric emission (160 ± 18 mJy and 39 ± 9 mJy
at N and Q, expecting 167 and 65 mJy from photosphere, see Table 3.5). The star was also
observed in the M band filter of TIMMI2, in which the secondary was detected at the 2.6 σ
level. The object is offset by 2.′′55 ± 0.′′25 at position angle −28 ± 6◦. The flux ratio of the
primary to the secondary at M is 191 ± 20. The N band detection at the location of the
secondary is not significant, at only 1.5 σ, and the flux limits shown on the SED of the binary
object (in Figure 3.15, binary plotted with dashed line and limits with open circles) are those
scaled to the photosphere of the primary using the ratio of fluxes. In the Q band, we find no
detection of this object, and place a limit on its emission accordingly. The V band magnitude
of the secondary and the assumption that the object is at the same distance as the primary (69
pc) are used to fit the spectral type as K5.
The photometry of the primary is consistent with photospheric emission only. The IRAS
excess is at the limits of significance, and once the secondary emission is taken into account the
excess falls to 68 ± 39 mJy, a non-significant level. Thus I attribute the excess detected in the
IRAS observations to the inclusion of the secondary object in the beam.
HD123356: Detections in the IRAS database of the star HD123356 suggest excess emission
at 12 and 25 µm of 398 and 411 mJy, respectively (detections of excess are 8 and 7 σ respectively,
Table 3.2). This star has an additional object within 2.′′5 identified in the WDS and 2MASS
catalogues (2MASS 14073401-2104376, for brevity HD123356b in the following discussion).
HD123356b is far brighter in the J, H, and K bands (taken from the 2MASS database), although
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Figure 3.15: The SED fits and limits for objects without confirmed hot dust. Photospheric emission
as modelled by Kurucz atmospheres are shown as a solid line. Dashed lines are the photospheric models
of the binary (modelled in some cases using NextGen spectra - see text). Errors are 3 σ, and upper
limits are also 3 σ.
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it is fainter in the visual than HD123356 (12.2 mag compared to 10 mag). Sylvester & Mannings
(2000) observed HD123356 at UKIRT using a low resolution spectrometer with an aperture of
5.′′5, meaning that the companion object was at the edge of the measured region. They found
around half the level of flux that was expected from the IRAS detections. The authors suggested
that all the excess emission may be centred on H123356b.
The field was observed at 10.54 µm only with TIMMI2, and an object detected at 207 ±
78 mJy (signal-to-noise on source excluding calibration uncertainties is 3.2). As this object
could not be acquired at M due to saturation of the filter, the pointing accuracy is reduced to
5-10′′ here and so it cannot be confirmed which object was detected. A limit of 164 mJy can
be placed on any undetected sources within the field of view.
The expected flux from HD123356b from a Kurucz model profile (Kurucz 1979) of spectral
type GIV scaled to the 2MASS K-band emission is 681 mJy, and thus it is extremely likely
that it is the observed source. The limit placed on undetected objects in this observation is
consistent with the non-detection of the primary. We show the SEDs for these two objects
in Figure 3.15, with an M5 NextGen model atmosphere shown as a representative fit to the
secondary, although with so little information, a meaningful identification of its nature cannot
be made. The confusion created by the presence of this object is however the likely source of
the IRAS excesses: although subtracting the M star fit to HD123356b does not account for
all the IRAS flux, it is likely this source could be a reddened background object and so have
higher infrared flux than is suggested by the M star profile. Otherwise the excess emission of
HD123356 would have to be LIR/L∗ = 0.17, far brighter than any known debris disk source.
HD128400: HD128400 has an IRAS excess at above 5 σ at 12 µm of 125 mJy (Table 3.2).
Gaidos (1999) suggests an age of 300Myr based on the star’s likely membership of the Ursa
Major moving group.
Poor conditions meant that accurate photometry was not possible with the TIMMI2 ob-
servations of this object. The star was at 469 ± 41 (92) mJy and 507 ± 61 (118) mJy at 8.6
and 9.56 µm respectively (parentheses indicate inclusion of calibration error). We detected no
additional sources within the 64′′ x 48′′ field of view of the TIMMI2 instrument. This limits
undetected background objects to less than 109 mJy at 8.6 µm. However, there is an additional
object in the 2MASS catalogue at 83′′ (2MASS 14421386-7508356, HD128400b for brevity).
The source listed in the IRAS Point Source Catalogue is at a distance of 23′′ from HD128400.
Pointing errors for this observation are listed as 28′′ in major axis, 9′′ in minor axis, with the
major axis at position angle 117◦. The 2MASS source is at a position angle of nearly 99◦,
almost exactly along the axis of greatest error.
Publicly-available Spitzer data analysed using the MOPEX package (Makovoz & Marleau
2005; Makovoz & Khan 2005) indicates that HD128400b emits at a similar level to HD128400
at 24 µm, with the primary having a flux of 55 ± 6 mJy and HD128400b a flux of 87 ± 9
mJy. At 70 µm, the secondary is detected at a level of 35 ± 5 mJy, but HD128400 itself is not
detected, giving an upper limit of 14 mJy. The emission spectrum of HD128400b at ≤ 24µm
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is best fit by a spectral type of M7, implying that level of emission from HD128400b at 70 µm
is much higher than expected (predicted < 1 mJy), and so presumably has its own excess. If
the source was a main sequence star it would be at 3 pc, making it a truly remarkable object.
However given that it is close to the galactic plane (b = −13◦), I conclude that it is likely to be
a reddened background object.
Given the photometric results presented here, the longer-wavelength Spitzer photometry and
the size of the pointing error in the IRAS data, I believe that confusion with the 2MASS source
is the cause for the excess identification of HD128400, as confirmed by IRS spectra showing
photospheric emission only at 12 µm (Beichman et al., in prep.)
HD10800: HD10800 was reported as having an excess at 25µm in the IRAS database of 59
mJy (3.5 σ detection, see Table 3.2). This source was observed with MIPS by Bryden et al.
(2006) at 24 and 70 µm and no excess found, with a 3σ upper limit to excess of 33 and 16 mJy
respectively.
Emission centred on the stellar location to within 1′′ of 477 ± 54 mJy at 11.59 µm and
186 ± 29 mJy at 18.72 µm is detected. The predicted stellar photosphere at these wavelengths
is 513 and 200 mJy, respectively, and thus there is no evidence for excess emission in these
observations which place upper limits on excess of less than 126 mJy at 11.56 µm, and less
than 73 mJy at Q. Our detections and those of Bryden et al. (2006) are shown on the SED
plot (Figure 3.15). Furthermore, the results can place limits on possible background sources
of less than 14 mJy in the Q band (39 mJy in N); the IRAS excess is therefore not due to
an unseen companion within a 19.′′2 square of the source (field of view of VISIR). There are
no bright 2MASS sources within the pointing errors of the IRAS observation likely to be the
source of the additional IRAS flux (as for HD53246 or HD128400). Thus, there is no evidence
that this source currently has an associated excess. It is possible that this source has evolved
in the terrestrial regions since the epoch of the IRAS observations, and so the emission has
disappeared beyond the detection limits of these observations. Alternatively, it may be that
this object is a statistical anomaly, as the detection of excess from the IRAS catalogue is at
only a moderately significant level.
3.6 Discussion
3.6.1 Results summary
Hosts of mid-infrared excess
With these observations, I have confirmed the presence of warm dust around three stars; η
Corvi, HD145263, and HD202406. The last two of these sources are young, around a few
million years old, and may be still forming planetary systems, although it is notable that these
sources have relatively low LIR/L∗ compared to typical T Tauri stars (Padgett et al. 2006)
and so these may be transition objects (transitioning between proto-planetary and debris disk
stages). η Corvi, on the other hand, is around 1.3 Gyr old, at an age where we would expect
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any planetary system to have finished forming (see e.g. de Pater & Lissauer 2001). For three
other sources, I have placed stringent limits on the possible level of any background/companion
object within the fields of view of the instruments. From these limits and the photometry
of the IRAS catalogue and published Spitzer data, I have concluded that the excesses in the
mid-infrared, originally determined from the IRAS catalogue, are highly likely to be centred on
the stars for HD12039, HD69830, and HD191089.
Background exclusion and the importance of confirmation
Five of the sources in the sample turned out to be the result of source confusion in the IRAS
beam. For HD65277, HD79873, and HD123356, the source could be identified in the TIMMI2
images (albeit without a detection of the primary in the case of HD123356). For both HD53246
and HD128400, the source responsible for the excess measured in analysis of the IRAS catalogue
was ∼ 80′′ away, and so beyond the field-of-view of TIMMI2. These examples show the dangers
of trusting the IRAS catalogue without full and detailed analysis of all pertinent catalogue data
and follow-up observations. Indeed out of an initial sample of 11 sources believed to be hosts
of mid-infrared excess, only 3 were confirmed in this study, and a further 3 by other authors.
HD10800 was shown to have no excess and no other source which is likely to be responsible
for the levels of the IRAS detections. The significance of the excess as judged from the IRAS
measurements is not high, at 3.5 σ. Thus it is possible that this object never had an excess
and is an illustration of the potential errors to be found when searching close to the significance
limit for excess (Song et al. 2002).
The need for confirmation of debris disk candidates has also been found by Rhee et al. (2007),
who combined data from the IRAS database, the HIPPARCOS catalogue and the 2MASS
catalogue to search for excess sources, finding a total of 153 sources. Included were 97 sources
rejected for reasons including contamination by additional sources or cirrus, pointing inaccuracy
of the IRAS measurements, and follow-up with Spitzer showing photospheric emission only.
Additional source contamination is a particular issue for sources in the galactic plane. In our
study, HD53246 and HD128400 are in and near the galactic plane, respectively, and have been
found to have been erroneously identified as hosts of debris. HD155826, identified by Lisse et al.
(2002) as being a bogus disk due to source confusion, also lies in the galactic plane at b = −0.1.
Removal of bogus disks is important when attempting to perform a statistical analysis on disk
populations. Greaves & Wyatt (2003) include HD128400 as a disk host. Removing this disk
changes their statistics from 4/22 to 3/22 young G stars hosting a disk (a total of 11/177 G star
systems possess a disk as opposed to their quoted 12/177). Though this is only the removal
of a single disk, the sample size involved is not particularly large, and so the removal of only
a few sources can be significant and the additional uncertainty from bogus disks should be
borne in mind when considering statistical studies (such as analysing disk evolution over time
or dependence on stellar spectral type or environment) needing large samples. Fortunately
the Spitzer Space Telescope has greater resolution (as illustrated by HD128400) and is now
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providing more reliable large disk samples (see e.g. Meyer et al. 2006).
Extension limits
Our new method of testing extension limits has quantified how, for small disks, variation and
subsequent uncertainty in the PSF will provide the greatest restrictions in the ability to detect
the disk extension in a particular observation, whereas for large disks, detection is limited by the
signal-to-noise that can be achieved on the disk (which has decreasing surface brightness with
increased angular size). The optimal size of a disk to be detected (i.e. the disk size requiring
the least bright disk to be detected as an extended source) is one with a radius approximately
equal to the FWHM of the PSF (for disks at 18 µm the FWHM on an 8m telescope ≃ 0.′′6,
which translates to a disk offset of 12 AU for a systems at 20pc).
The extension testing limits have been used to constrain the possible disk populations of η
Corvi (see Section 3.5.1). The limits suggest that model A, in which the mid-infrared emission
comes from a single temperature component is perhaps more likely at a 2.6 σ level; however,
a deeper Q band image should either resolve or rule out the mid-temperature (∼ 120K) com-
ponent of model B (the three temperature fit), as described in detail in Section 3.5.1. The
hot components of both dust models (at 0.′′09 and 0.′′07 for models A and B, respectively) are
comparable to the pixel scales of the detectors of VISIR and MICHELLE (0.′′075 and 0.′′099,
respectively). Disks on these scales cannot be resolved using these single aperture 8m instru-
ments (see Section 3.5.1 for further discussion), and will require the resolving power of an
interferometer to be resolved.
This extension testing method can be applied to future observations of these and other
potential disk sources to determine what limits can be placed on unresolved disks. Furthermore,
the predictions of this modelling, as shown in Section 3.2.3, can be used to determine which
sources, with predicted disk flux and radii, will be the most fruitful sources for imaging with
single large-aperture telescopes. This aspect is explored in detail in the following chapter. For
the purposes of the results presented here, I note that this technique provides more quantitative
limits on the location of dust compared to simple comparison to the size of the PSF, and also that
the possibility of detecting extended emission is strongly affected by whether the dust is confined
to a single radius (temperature) or in a broader distribution with multiple temperatures.
3.6.2 The nature of mid-infrared excess sources
Four recent papers have looked at the statistics of mid-infrared excess around Sun-like stars:
Gaidos (1999); Laureijs et al. (2002); Hines et al. (2006); and Bryden et al. (2006). These
surveys found hot emission to occur at a frequency consistent with around 2±2% of FGK-type
stars. The sample of objects in this study were chosen deliberately to be the objects thought to
have excess following analysis of the IRAS catalogue results, and so is not unbiased. Thus our
detection rate cannot be compared with these statistical results. For most of these surveys, any
star included in the aforementioned papers and in this chapter, the results are in agreement.
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The exception here is HD128400, which was included in the work by Gaidos (1999) as a positive
detection of excess. As shown in Section 5.4, our data show no evidence for excess, and a nearby
2MASS source is likely to be the source of confusion in the IRAS results. This result does not
change the validity of the 2±2% statistic however; for Gaidos (1999), it reduces the detected
excesses to 0/36 (giving a hot emission occurrence of 0±3% from that paper alone).
Many disks have been observed around T Tauri and Herbig Ae/Be stars (see e.g. Meeus
et al. 2001). Massive proto-planetary disks have been observed around stars up to 10Myr (see
e.g. Meyer et al. 2007), at which point the disks rapidly disappear to leave at best a low
fractional luminosity dust belt. The disks of HD145263 and HD202406 lie at an intermediate
evolutionary stage, having ages of 9 and 2 Myr, respectively, and exhibit a relatively high
fractional excess (see Table 3.5) for debris disks, but these values are low compared to disks
around typical T Tauri stars (Padgett et al. 2006). Recent work with Spitzer on clusters of
similar ages to these two sources have indicated that mid-infrared excess emission may be the
result of planet-building processes in the terrestrial region (see e.g., Currie et al. 2007). Fitting
the excess emission of HD145263 and HD202406 with a blackbody suggests that the dust lies
in the terrestrial region, even if the true dust location has been underestimated by a factor of
three (see Section 1.3) for HD145263 (see Table 3.5). It is therefore possible that the dust is
the result of planet building and not the evolution of a small Kuiper belt. Further studies of
these sources may help to elucidate their nature.
The analytical model presented in Chapter 2 demonstrates that there exists a maximum
fractional excess which can be expected from a belt of planetesimals in a steady-state collisional
cascade. This is because more massive disks which could potentially produce more emitting
dust grains process themselves more quickly. Using Equation 2.18 and substituting the values
dr = 0.5r, Dc = 2000km, Q
∗
D = 200Jkg
−1, e = 0.05 and using the approximation that for Sun-
like stars M∗ ≃ M⊙, L∗ ≃ L⊙, the equation becomes fmax = LIR/L∗ = 0.16 × 10−3r7/3t−1age.
The application of this model to the stars with confirmed infrared excess is shown in Table 3.5.
As discussed in Section 2.3.2, given the uncertainties of this model, a disk with fIR/fmax . 100
can be explained in the context of a disk evolving in a steady-state collisional cascade. Within
these limits, HD145263 and HD202406 could be steady-state disks given their young ages. Their
fractional excesses are high, however, and it is possible these disks are in a transition phase
from proto-planetary to debris disk (see e.g. Calvet et al. 2005). As already demonstrated
in Chapter 2, HD69830 and η Corvi (assuming the simple single mid-infrared component, see
later in this section) have excess emission at a much higher level than would be expected for
collisionally-evolving disks given their age and radius, and thus it is expected that there is a
transient source for some of the emitting material. Note that the differences in fmax for these
sources here and in Chapter 2 are the result of improved estimates of the radial location of the
dust in this chapter and the application of a blanket M∗ = M⊙, L∗ = L⊙. The differences in
fIR also arise from improved SED fitting.
There have been several sources of transient emission suggested in the literature. One
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possible source would be the recent collisional destruction of two (or more) massive bodies
(Song et al. 2005). In our own asteroid belt, a collision large enough to more than double the
emission from the belt occurs approximately every 20 million years (Durda & Dermott 1997).
As discussed in Section 2.3.2 for the systems with disks that are assumed to be transient (and
which have fmax/fobs > 1000), the single massive collision hypothesis is highly unlikely to be
able to account for such a massive excess. It may be that these systems have recently undergone
some dynamical stirring (orbital migration of a massive planet, recent stellar fly-by etc.) that
has triggered a Late Heavy Bombardment-like period (Gomes et al. 2005). The Late Heavy
Bombardment was a period approximately 3.8-4 Gyr ago when the inner planets of the Solar
System experienced a greatly enhanced rate of asteroidal collision, possibly due to the orbital
migration of Jupiter. The extreme excess emission found around BD+20 307 (a star possessing
mid-infrared excess not included in our sample) is thought to have come from the excitation of
a belt resulting in massive or frequent collisions (Song et al. 2005). As noted by these authors,
this system has an extremely high fractional excess and must therefore be in an extreme state
of collisional destruction. The recent sublimation of a massive comet could also produce a
transient peak in infrared excess. Beichman et al. (2005a) have performed spectroscopy of
the HD69830 system where the resulting spectrum showed marked similarities to the emission
spectra of Comet Hale-Bopp, with several peaks of crystalline olivine identified. Further work
by Lisse et al. (2007) has shown that the spectrum is more similar to that of a disrupted P
or D-type asteroid. Spectral analysis may be the most useful tool to analyse the possibility of
cometary sublimation or asteroid disruption for such systems.
However, the transient interpretation is highly dependent on the radial location of the dust
as can be seen in Equation 2.18 for fmax, (fmax ∝ r7/3). In fitting the photometric results
of excess emission, I have made assumptions of grains emitting as blackbodies at a single
temperature. Experience dictates that such an assumption may lead to an underestimation
of disk size by up to a factor of three, as emitting grains are typically small and hotter than
blackbody (see e.g. Schneider et al. 2006). Further, a more extended dust distribution could
lead to an over-estimation of the disk size by assuming a single size and temperature for the
emitting grains. The uncertainty remaining in the SED fits of these objects can only be avoided
by direct observational confirmation of the size of the emitting region. The example of η Corvi
is an appropriate illustration of this issue. In model A the mid-infrared emission cannot be
explained by a steady-state evolution (see discussion above and Table 3.5). In model B, the hot
dust component at 360K is also likely to be transient; however the mid-temperature component
at 120K (12 AU) can be explained by a collisionally-evolving disk at 12 AU (Table 3.5). Indeed,
this population of dust lies in an appropriate location to be a possible parent planetesimal belt to
the hot dust emission according to Figure 2.3. This would require a radial transport mechanism
that would move the dust from the 12 AU belt to a 1.3 AU location, which is not well modelled
or understood, but could be analogous to the inward scattering of planetesimal material into
the terrestrial regions during the Late Heavy Bombardment period initiated by the resonance
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crossing of Jupiter and Saturn (see Wyatt et al. 2007a for elaboration on this scenario). Thus,
the three component model (model B) could represent two steady state populations (the 12 AU
mid-infrared component and the large sub-mm disk) and a transient component, the source of
which is currently unknown. It is important to note that whichever model we adopt for η Corvi,
we need to invoke a transient component. However, as highlighted in this study, a confirmed
radial location is key to understanding the nature of this system, and the hot dust populations
as a whole.
3.7 Conclusions
The results of the observational study presented in this chapter can be summarised as follows:
• I have confirmed the excess emission to be both real and centred on the star for 3 objects,
all of which have excess emission within the terrestrial regions as fitted by SED modelling.
Two of these objects are believed to be pre-main sequence stars.
• For 5 further objects, the dust was found to be from a companion/background source,
and not associated with the star. This demonstrates the importance of high resolution
imaging as a tool to confirm IRAS sources.
• One object was found to have no associated excess nor any object nearby likely to be
responsible for the levels of flux in the IRAS measurements.
• My new method of testing extension has enabled quantifiable limits to be placed on the
radial extent of some disk populations and shown that for some others, single dish imaging
will not be able to resolve the extent of the disk.
• The extension limits testing suggests a fit to the η Corvi emission spectrum using a single
mid-infrared component at around 320K and a cool component at 40K is more likely
to represent the true dust distribution than a fit using two mid-infrared components at
360K and 120K, together with the cool 40K dust at the 2.6 σ level (or lower or higher
significance depending on the geometry of the dust belts).
Sources of hot dust emission fall into distinct groupings. Either the sources are young, in
which case the dust can be primordial or the result of steady-state evolution (e.g. HD145263
and HD202406), or they are old and sources of transient emission (η Corvi and HD69380),
or they are old and have relatively low radius steady-state planetesimal belt (HD12039 and
HD191089, and possibly the mid-temperature component of η Corvi).
The rare hot dust in main sequence systems may be transient as suggested by comparison
to collisional modelling. However, uncertainties inherent in the SED modelling process mean
that only by resolving the location of the emitting region can we deprive these systems of their
enigmatic status. The new method of extension testing presented in this thesis allows us to
constrain dust locations much more tightly than a simple comparison with the PSF. Application
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of these techniques to further observations and other sources is one way to determine the radial





In this chapter, I present a series of observations of A-type main sequence stars in the mid-
infrared which are predicted to have debris disks emitting at these wavelengths. The aim of
these observations was three-fold, as in the previous chapter: firstly to confirm that the excess
emission is both real and centred on the star (due to the problem of false detection of debris
disk sources discussed in Section 1.4); secondly to determine a fit to the excess emission through
multi-wavelength photometry allowing a prediction of the location of the dust responsible for
the excess emission (see Equation 1.11); and thirdly to attempt to resolve the disk emission
through high resolution imaging.
Recent statistical studies using Spitzer data have revealed a large sample of A stars with
excess emission at 24 and/or 70µm as discussed in Section 1.4. The young ages of these systems
means that an asteroid belt-like structure of parent bodies could produce the excess emission
with a fall-off proportional to time according to the analytical model presented in Chapter 2.
This steady-state evolution may be backed up by the decrease in fractional excess seen with time
for the statistical population of disks (Rieke et al. 2005). A large spread in the levels of excess
emission, and in the relation between 24 and 70 µm excesses, has been cited as possible evidence
of stochastic evolution (Rieke et al. 2005). Yet the findings of Wyatt et al. (2007b) presented
in Chapter 2 suggest that a simple spread in initial disk locations and masses can produce the
same signatures. Thus, many questions remain about the true nature of these young debris
disk sources, not least in determining the true distribution of dust in these systems.
This chapter is structured as follows: In Section 4.2, I describe the sample and the procedures
used to observe and analyse the observations of these sources. The results and discussion of
individual sources is presented in Section 4.3. The extension modelling technique is used to
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Star name Stellar type Age Distance IRAS fluxes (mJy)a
HD Myr pc 12µm 25µm
3003 A0V 50b 47 148 + 16 (20) 34 + 241 (20)
23281 A6V 626c 43 251 + 36 (20) 59 + 107 (28)
23432 B8V 100d 119 127 + 256 (43) 29 + 1159 (42)
31295 A0V 100d 37 336 + 238 (65) 78 - 110 (121)
38206 A0V 9e 69 130 + 7 (23) 30 + 67 (21)
56537 A3V 560e 29 1166 + 214 (28) 271 + 161 (52)
71155 A0V 169b 38 675 + 162 (31) 157 + 249 (41)
75416 B8V 5e 97 134 + 86 (22) 31 + 86 (38)
80950 A0V 80e 81 120 - 5 (26) 28 + 101 (17)
141795 Am 450d 22 1154 + 67 (25) 269 + 141 (28)
181296 A0V 12f 48 263 + 138 (34) 61 + 394 (22)
Table 4.1: The Sample of A stars
Notes: a=Fluxes are shown as star + excess (error) b=Age taken from Song et al. (2001); c=Age taken
from Kunzli & North (1998); d = Age determined from theoretical evolutionary tracks of Song et al.
(2001), see discussion in text; e=Age taken from Rieke et al. (2005); f=Age from β Pictoris association
membership, Zuckerman et al. (2001).
explore which of the A star disk hosts in the literature may be fruitful subjects of future imaging
in Section 4.4. Following these predictions, one of the sample, HD181296, was the subject of
further observations using TReCS on Gemini South. The results of these observations are
presented in Section 4.5. The results and implications for future observations are discussed in
Section 4.6. My conclusions are summarised in Section 4.7.
4.2 Sample, Observations, and Analysis
This sample can be seen as a companion sample to that presented in the previous chapter.
The sample consists of A and B stars with IRAS published detections of excess emission at 12
and/or 25 µm.1 The sample was subjected to the same tests as described in Section 3.2, leaving
a total final sample of 11 candidates (Table 4.2).
As with the previous chapter, observations were performed using the Thermal Infrared
MultiMode Instrument TIMMI2 on the ESO 3.6m telescope at La Silla; VISIR, the VLT Spec-
trometer and imager for the mid-infrared on the ESO VLT; and MICHELLE on Gemini North,
In addition HD3003 was observed using TReCS on Gemini South.
Section 3.3 described the method of observing with TIMMI2, VISIR, and MICHELLE.
These observations were performed at the same times and under the same proposal IDs as
those of the previous chapter. The observations performed with TReCS were taken in service
1The sample stars are listed in the Debris Disk Database at http://www.roe.ac.uk/ukatc/research/topics/dust.
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mode under proposal GS-2005B-Q-67. These made use of the N band filter Si-5. The detector
for this telescope is 320x240 pixels, with a pixel scale in imaging mode of 0.′′09 with a resulting
field of view of 28.′′8 x 21.′′6. The FWHM for these observations were 0.′′475 ± 0.′′054. These
observations were performed in parallel mode with a chop (and nod) throw of 10′′performed
at 30◦ East of North. Note that as with the MICHELLE observations described in Section 3.3
the off beams are unguided for TReCS, and only the guided beams were used in our analysis.
Calibration was performed using two observations of standard stars (before and after the science
target) with uncertainty of 8% as taken from variation between the standard star observations.
No airmass correction was made, as the standard objects were observed at very similar airmasses
to the science objects.
Photometry and the search for background or companion objects were performed in the
same way as described in Section 3.3.2. Similarly the search for extension was an important
part of the study of these sources, as one of the aims of these observations was to determine
the location of the emitting dust. As with the Sun-like sources, the images were examined
carefully for any evidence of extension, both through surface brightness profile extraction and
two-dimensional Gaussian fitting. In addition, the images of the point-like standard stars were
used scaled to the peak of the science observation to model what an unextended source would be
expected to look like. A straight-forward subtraction of the model from the science image was
then performed and the resulting image subjected to the extension testing procedure described
in Section 3.4 to check for consistency with noise levels as measured on the pre-subtraction
stellar image.
The extension testing procedure was also used to place limits on possible disk locations
where no extension was found following the procedure outlined in the previous chapter.
4.3 Results
The observed sample can be divided into three groups based on the results of the photometry
and extension testing. For three of the observed sources, independent confirmation of the excess
emission is achieved. For one source, the excess found in the IRAS results is attributed to a
reflection nebula rather than a debris disk emission. For the remaining sources, the photometry
and extension testing allow useful constraints to be placed on any debris disk that may surround
the star. Table 4.2 gives a brief description of the results, and Table 4.3 gives the best fits to
the objects excesses. I discuss the sources individually below.
4.3.1 Stars with confirmed excess emission
HD3003: HD3003 was identified as an infrared excess candidate by Oudmaijer et al. (1992). It
has an IRAS excess at the 12 σ level at 25 µm (excess 241 ± 20 mJy, stellar photosphere 62
mJy, see Table 4.2). At 60 µm, the excess is at just below the 3σ significance level (star 6 mJy,
excess 116 ± 39 mJy). This star is listed as having a second component in the Components of
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Star Observation Expected Results mJy a
name λ Integration Photospheric Total Total Stats. Background
HD µm time, s Instrument Flux, mJy Flux Error Error limit b
3003 9.56 1800 TIMMI2 426 481 87 17 ≤ 46
12.21 3600 TIMMI2 262 436 64 10 ≤ 27
18.75 3100 TIMMI2 112 206 140 44 ≤ 148
11.66 3400 TReCS 288 375 34 4 ≤ 10
18.72 2400 VISIR 113 244 27 9 ≤ 21
23281 12.21 3200 TIMMI2 243 339 57 10 ≤ 27
11.85 3600 VISIR 258 252 13 2 ≤ 4
18.72 3800 VISIR 104 129 9 6 ≤ 13
23432 7.77 1800 TIMMI2 299 452 192 192 ≤ 351
11.59 1800 TIMMI2 136 141 62 14 ≤ 44
31295 8.60 1800 TIMMI2 648 851 77 13 ≤ 33
38206 9.56 1800 TIMMI2 204 196 48 16 ≤ 44
56537 8.60 1800 TIMMI2 2244 1997 167 22 ≤ 56
Chop PAc 11.85 540 VISIR 1195 701 9 4 ≤ 7
268◦ 18.72 1880 VISIR 484 590 71 6 ≤ 14
Binary 8.60 1800 TIMMI2 101 68 8 -
Chop PA 11.85 540 VISIR 54 46 4 -
268◦ 18.72 1800 VISIR 22 31 17 -
71155 10.68 3060 TIMMI2 850 1278 215 36 ≤ 98
11.6 1410 MICHELLE 722 1050 115 12 ≤ 32
18.5 2100 MICHELLE 286 398 99 13 ≤ 38
18.72 3600 VISIR 280 380 36 7 ≤ 16
75416 11.59 1800 TIMMI2 144 204 88 15 ≤ 48
80950 11.59 3600 TIMMI2 129 175 16 10 ≤ 25
11.85 1800 VISIR 124 120 23 3 ≤ 7
18.72 3760 VISIR 50 119 11 9 ≤ 20
141795 12.21 1200 TIMMI2 1115 1138 119 19 ≤ 49
18.50 1900 MICHELLE 491 511 39 3 ≤ 8
181296 12.21 2500 TIMMI2 254 351 23 10 ≤ 25
18.75 1800 TIMMI2 109 391 182 43 ≤ 136
Table 4.2: The Observations of the A stars
Notes: a Errors are total errors (inclusive of calibration uncertainty and image noise). b Limits are 3σ
upper limit to undetected object including calibration errors, or scaled to IRAS fluxes when conditions
were non-photospheric. c The chop position angle of the observations of HD56537 was changed from
the default North-South orientation to ensure that the binary fell on the array.
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Star name Fit as dust disk Limit on extension fIR = Ldust/L∗ famax
HD Temp, K AU ′′ ×10−5 ×10−5
3003 265 5.31 0.114 < 0.16 ± 0.043 11.4 0.095
23281 210 5.36 0.12 < 0.216 ± 0.101 3.82 0.012
31295 80 52.6 1.4 - 5.85 10.02
38206 90c 48.4 0.70 - 15.1 91.65
56537b 420 2.16 0.07 < 0.20 ± 0.014 5.64 0.0014
71155 900 0.61 0.016 0.22 ± 0.18 26.2 0.00018
90 61.03 1.59 - 2.42 8.37
75416 250 11.1 0.11 8.43 3.64
80950 180 13.6 0.17 < 0.30 ± 0.09 9.62 0.53
141795 250 4.64 0.22 0.26±0.025 4.43 0.008
181296 370 2.80 0.059 0.53 ± 0.035 14.5 0.089
115 28.97 0.608 0.533 ± 0.015c 17.2 20.75
Table 4.3: The Fits to the Excess Emission of the A star sample
Note that the objects with no extension limits have disks too faint at the wavelengths observed to be
detected in the observations. Limits shown are for a narrow face-on disk - see text for details of other
limits.
Notes: a See section 4.6 for details of this limit; b binary detected; c edge-on limits compatible with
non-detection of disk at predicted location - see text for discussion.
Double and Multiple stars catalogue (Dommanget & Nys 1994). Both components are A type
stars with similar visual magnitudes (see Figure 4.1). The B component was listed as being at
an offset of 0.′′1, 143◦ East of North in 1925.
HD3003 was observed with TIMMI2 at N and Q, and followed-up by TReCS at N and
VISIR at Q. In all observations we detected the object, with typical signal-to-noise of around
10. The levels of photometric uncertainty (calibration error 8% for the TReCS observation)
mean that no excess can be confirmed at N. The observations give a tightest limit with TReCS
at 11.66 µm of 189 mJy (3 σ upper limit on excess, see Table 4.2). The results allow stringent
restrictions on any unseen background objects ruling out any object existing in the field with
a flux of greater than 10 mJy at N. SED fitting suggests the excess here should be around 105
mJy in this band, and so it is unlikely that there is an alternative source of the emission within
the field of view. Favourable conditions in the VLT run allow a confirmation of the Q band
excess, with calibrated flux of 244 ± 27 mJy (photosphere 113 mJy, see Table 4.2). This result
is in good agreement with the results of Smith et al. (2006) taken from the MIPS observations
of this object, who found a flux of 224 ± 9 mJy at 24 µm (stellar photosphere should be 69
mJy). There is some discrepancy between these recent results (both those presented here and
those of Smith et al. 2006) and the reported detected flux from the IRAS satellite, being 275 ±
20 mJy at 25 µm (see Table 4.2), however the IRAS measurement is only 2.5 σ higher than the
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Figure 4.1: The observational results for
HD3003. Left: The SED of HD3003 with a black-
body fit to the excess emission at a temperature
of 265K. This suggests an offset of 0.′′114 from
the star. This fit is marked on the extension lim-
its plots in the bottom panel. The shaded region
indicates the area that could be occupied by an
undetected disk. The limits suggest a wider ring
(dr/r = 2.0) near to face-on is the most likely geo-
metry for the emitting region assuming a single
temperature belt of dust.
MIPS 24µm measurement, and both the more recent data presented here and by Smith et al.
(2006) can be fitted very well by a single temperature blackbody.
The excess emission is fit with a blackbody at 265K (see Figure 4.1 top left and Table 4.3).
This temperature suggests a disk location of 5.31 AU (0.′′114) based on the star’s luminosity
(under the assumption that both stellar luminosities can be added to give a total stellar lumin-
osity: LA = 13L⊙, LB = 10L⊙; L⋆ = 23L⊙). No evidence of extension is found in the TReCS
N band or VISIR Q band images. The resulting limits on disk location are shown in Figure 4.1,
top left and right respectively. The predicted disk location from the SED fit is indicated by a
filled circle. The possible disk size is most tightly constrained by the longer wavelength VISIR
image in which the SED fit suggests Rλ = 0.578. The resulting limits on extension for a face-on
disk are 0.′′148 ± 0.′′009 assuming a narrow ring (dr/r = 0.2) and 0.′′149± 0.′′01 assuming a wide
ring geometry (dr/r = 2.0). For an edge-on narrow ring the limits on extension are 0.′′151 ±
0.′′01. These limits suggest that the disk radius is at most 1.3 times the radius suggested by the
blackbody fitting.
A radius of <0.′′151 suggests that the disk cannot lie in a stable circumbinary orbit if the
B component is a true binary and at a separation of 0.′′1 (Trilling et al. 2007). Circumbinary
stability would require a disk radius of & 0.′′25 (Holman & Wiegert 1999). A larger separation
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Figure 4.2: The results of the observations of
HD80950. Left: The SED of HD80950 with a
blackbody fit to the excess emission at a temper-
ature of 180K. This suggests an offset of 0.′′22
from the star. This fit is marked on the extension
limits plots in the bottom panel. The shaded re-
gion represents the region in which an undetected
disk could lie. The highly variable PSF is likely
the reason why no extension was detected around
this source.
would limit the circumbinary stable region to an even larger radius. Thus our extension limits
suggest that the disk is circumstellar. If we make the assumption that the disk is around the
A component (LA = 13L⊙), then this means that dust at 265K would lie at a radius of 4 AU
(0.′′086), and have a fractional luminosity LIR/L∗ of 2.01 × 10−4. Our extension limits would
thus suggest that the dust lies at <1.76 times the blackbody radius. The unstable circumstellar
region is . 0.15 times the binary separation (Trilling et al. 2007). Our upper limit on disk
extension of < 0.′′151 thus suggests the true binary separation must be larger than ∼ 1.′′01
(47AU). Of course, without further observational data to confirm the orbit of HD3003B, we
cannot be certain that the star is a true binary companion. These observations place limits on
the possible configuration of the system if it should prove to be a true binary system.
HD80950: This star was identified by Mannings & Barlow (1998) as a possible host of
mid-infrared excess based on the IRAS measurements of its flux (see Table 4.2).
Our Q band excess of HD80950 is in line with that suggested by the IRAS data and also
the recent MIPS results presented in Rieke et al. (2005). The measurement of the excess is 69
± 11 mJy at 18.7 µm. The MIPS photometry given in Rieke et al. (2005) is 91 ± 12 mJy at 24
µm. The disk fit is at a temperature of 210K, with radius of 12.9AU (0.′′16) (see Figure 4.2, top
left, and Table 4.3). No extension was seen on any of the science observations. The results of
the extension limits testing are shown in Figure 4.2 (bottom). The most stringent constraints
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come from the Q band imaging where the contribution to the total flux from the disk is higher.
There is large uncertainty in the PSF, with the variation in the FWHM of the standard images
taken either side of the science observation being 20% of the mean. At the level of Rλ = 0.58
at Q, the limit on the disk radius placed by non-detection, assuming a face-on narrow disk
geometry, is 0.′′30 ± 0.′′09. The most constraining geometry, a narrow edge-on ring, gives limits
of 0.′′23 ± 0.′′07. The SED fit suggested here is consistent with the non-detection of extension
in the images. Given the factor of 3 uncertainty in disk size resulting from a blackbody fit
(see section 1.3 and Schneider et al. 2006), these observations place useful limits on the largest
extent a single temperature disk could be around this star, in particular demonstrating that if
the disk truly lies at 3 times the radius suggested by the blackbody fit (Schneider et al. 2006),
then a broad disk is more likely than a narrow disk (see Figure 4.2 bottom right). An improved
PSF (more stable over the course of the observations) could allow a disk of this radius to be
detected.
HD181296: HD181296 was first listed by Mannings & Barlow (1998) as a possible host of
mid-infrared excess based on the IRAS measurements of this source. Significant excess was
detected at 12 and 25 µm (see Table 4.2) and also at 60µm (excess 516 ± 27 mJy). This source
is a member of the β Pic moving group with an estimated age of 12 Myr (Zuckerman et al.
2001). It has an M7/8V companion at an offset of 4′′(192 AU based on the star’s parallax
distance of 48pc, see Table 4.2) at a position angle of 160◦ East of North. The companion is
predicted to have a mass of < 50MJup (Lowrance et al. 2000).
The star was observed in the N and Q bands with TIMMI2. The results measure the flux
to be 351 ± 23 mJy and 391 ± 182 mJy in these bands respectively (predicted photosphere
245 mJy and 109 mJy, see Table 4.2). The excess at N is therefore confirmed, although the
calibration errors prevent a confirmation of excess at Q. Chen et al. (2006) presented Spitzer
IRS spectra of this object, showing that the excess emission is too flat to be fit by a single
temperature blackbody. We follow the example of Chen et al. (2006) and fit the emission with
two temperatures of dust, at 370K and 115K (see Figure 4.3). Making the assumption that the
different temperatures represent different radial locations of the dust as determined by the dust
temperature and stellar luminosity (24.5L⊙) gives offsets of 2.80 AU (0.
′′059) and 29 AU (0.′′61),
respectively. There is no evidence for extension in the images, and the resulting extension limits
are shown in Figure 4.3. Assuming that the hot disk component at 370K contributes only to
the unresolved flux (as such a small spatial scale is below the pixel size of the detector and
would not be resolvable in TIMMI2 images), the cool component has R12.21µm = 0.0353 and
R18.75µm = 0.377. At this level, the N band image places no constraints on the location of the
disk as it would be far too faint to be detected whatever the geometry. In the Q band, however,
the level of excess expected from the disk at 115K should be detectable if the disk were face-on
(limits are 0.′′53 ± 0.′′035 if dr/r = 0.2, and 0.′′59 ± 0.′′15 if dr/r = 2.0). For an edge-on disk,
the limits at this Rλ are 0.
′′628 ± 0.′′17 for a narrow disk (dr/r = 0.2) and 1.′′08 ± 0.′′28 if broad.
The extension limits suggest the cooler dust is located in a ring at a more edge-on orientation,
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Figure 4.3: The results of observation and ana-
lysis of HD181296. Left: The SED of this object
with excess measurements shown after subtrac-
tion of photosphere as symbols at > 10µm. The
dotted line shows the Chen et al. (2006) IRS spec-
trum of this object, also after subtraction of the
photosphere. The fit to the excess emission is de-
scribed in the text. Bottom: The limits on disk
location placed from non-detection of extension.
The shaded region indicates the area not ruled
out by non-detection of extension for any disk geo-
metry. The symbol shows the expected location
of the dust components from the two-temperature
fit. See text for further discussion of these limits.
but do not fully constrain the width.
Assuming the SED fitting is accurate and gives a good fit to the true location of the dust, this
disk should be easily resolvable on an 8m telescope. At 0.′′608, we would be at around the best
location to detect the disk (r/θ ∼ 1), and so should under reasonable seeing conditions detect
this disk with a reasonable length of observation. However, the emission at 370K is predicted
to lie at 0.′′059. This would, considering a fractional flux contribution of around Rλ = 0.32, 0.34
at N and Q, be very difficult to detect on an 8m telescope unless it is an underestimate of the
true disk offset (see Section 3.4.1). Such a disk radius would be resolvable with interferometric
techniques.
4.3.2 Limits on disk emission
HD56537: This source (λ Gem) was listed in the study by Cheng et al. (1992) of main-sequence
A-stars as having an IRAS excess. The authors used a [12] - [25] and [25] - [60] colour test
from the IRAS data to decide that this object’s emission was not consistent with circumstellar
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dust, despite its possession of excess emission. The star is listed in the Washington Double Star
Catalogue as having a visual binary companion at a distance of 9.′′6 at a position angle of 33◦
East of North. In addition, component A has a closer binary companion confirmed through
lunar occultation measurements (Dunham 1977; Richichi et al. 1999). These measurements
show evidence that the companion’s relative position changes significantly over 20 years (offset
45mas, PA 300◦ in 1977, offset 14mas, PA 120◦ in 1999).
The wide binary companion of HD56537 is observed in both the TIMMI2 and VISIR ob-
servations (9.83” separation, PA 32◦, see Figure 4.4 for the VISIR N band image of the two
components). The primary is detected at 1997 ± 167 mJy at 8.6 µm, 701 ± 9 mJy at 11.85
µm and 590 ± 71 mJy at 18.72 µm (predicted photospheric emission is 2244, 1195, and 484
mJy at these wavelengths, respectively from the Kurucz model profile). The binary is well
detected in the VISIR N band image, with a signal to noise of 11.5 (shown in Figure 4.4, top
left). This N band observation was taken at the end of a night without accompanying standard
star observations. The calibration factor used was taken from standard stars observed much
earlier on the night (last standard star observation in this filter was observed four hours earlier).
The conditions are likely to have changed greatly over this time, which accounts for the great
discrepancy between the expected photospheric flux and the measured flux for the primary in
this filter (see Table 4.2). The flux levels given in Table 4.2 and shown on the SED fit (Figure
4.4, top right) for the binary are scaled to the expected photospheric flux for the primary.
The binary SED is fit with a K7 spectral type to match the J, H, and K fluxes for the
binary given in the 2MASS database. This gives a luminosity distance of 27pc, which is within
the errors of the 29 ± 2 pc parallax distance. Using this fit to the binary and subtracting the
predicted flux from the IRAS photometry still leaves significant excess emission at 12 and 25
µm (measured flux 1433 ± 28 mJy, photospheric contributions 1166 and 53 mJy at 12 µm; flux
445 ± 52 mJy, photospheric contributions 271 and 13 mJy at 25 µm; note that the excesses
quoted in Table 4.2 are shown after subtraction of the binary). Thus true excess emission
cannot be ruled out by the limits presented here even taking into account the flux of the binary.
Furthermore there are no nearby 2MASS or MSX sources likely to be responsible for the excess
measurements in the IRAS results, and the source is not in the galactic plane (b = 13.2◦). If the
disk fit to the IRAS excess is accurate, then the dust would be at a temperature of 420K (offset
2.01AU, 0.′′07, see Table 4.3 and Figure 4.4, top left, for SED). No evidence for extension is
found in the images. The extension limits testing (limits shown in Figure 4.4, bottom) suggest
that a face-on narrow disk must be smaller than 0.′′20 ± 0.′′014 to have not been detected in the
Q band image, with similar limits for alternative disk geometries. These limits are consistent
with the disk location suggested by the SED fit (shown as a filled circle on the extension limits
plot), and limit the disk location to less than ∼ 2.8 times larger than the blackbody radius.
Greater photometric accuracy is required to confirm this excess. If the SED fit is an accurate
indicator of the location of the disk, the small size scale (at just below 1 pixel for VISIR) will
not be resolvable on 8m telescopes.
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Figure 4.4: The observations of HD56537 (λ Gem) and analysis. Top left: The VISIR N band
observation of HD56537, with the binary clearly visible at the top right corner. The orientation of this
image is North right, East up. Note that the negative detection at the top left-hand corner of the image
is a negative detection of the binary, arising from the chop and nod pattern used. See Section 3.3 for
a description. Top right: The SED of HD56537 and its binary companion (fit with spectral type K7)
with the VISIR Q band limit on any residual excess on the primary. As discussed in the text, the N
band VISIR photometry is highly uncertain. The blackbody fit to the excess is at 420K (offset of 0.′′07).
This disk fit is shown on the extension limits plots (bottom left and right). The shaded region indicates
the disks that would have remained undetected in our extension tests. See text for full discussion of
this source.
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HD23281: This source was first identified as a possible host of mid-infrared excess by Shylaja
& Ashok (2002), who used new infrared photometric observations and IRAS results to identify
excess emission around Am stars. The IRAS results suggest an excess of 107 ± 28 mJy at 25
µm.
There is evidence for excess at just below the 3 σ level in the Q band (18.75µm) with VISIR
(flux 129 ± 9 mJy, stellar 104 mJy, see Table 4.2). The SED fitting suggests that if this excess
is due to dust emission, the dust should be at around 6.1AU (0.′′14) from the central star (see
Figure 4.5, top left, and Table 4.3). No additional objects are seen in the field of view. The limit
on undetected sources is ≤ 4 mJy at N. There are no bright 2MASS or MSX sources nearby
that may have been caught in the IRAS beam and could be responsible for source confusion.
There is no indication of extension found on any of the images of this object. The extension
limits from the 8m imaging are shown in Figure 4.5, bottom panel. The Q band images, having
the largest predicted fractional excess from the SED fit, give the most stringent constraints
on the disk extension, with a limit of 0.′′22 ± 0.′′1 on a face-on narrow disk or 0.′′22 ± 0.′′14
for an edge-on narrow disk. A more extended face-on disk (dr/r = 2.0) could however remain
undetected up to a radial offset of 0.′′37 ± 0.′′23. These extension limits are consistent with
the SED fit to the excess emission, although a disk size of 3 times the blackbody radius would
suggest the disk is likely to have a broad spatial distribution. It is however worth reiterating
that the disk emission cannot be confirmed by the results of this observing programme.
HD31295: This source was first identified by Sadakane & Nishida (1986) in their sample of
Vega-excess stars as having an infrared excess identified in the IRAS Point Source Catalogue.
The IRAS results suggest a significant excess at 25 µm of 1159 ± 42 mJy (see Table 4.2).
This object was only observed with TIMMI2 in the N band in this study. Calibration errors
prevent the confirmation of excess, but the limit is in line with the suggested SED fit from the
IRAS data-points, with a detected flux of 851 (203 excess) ± 77 mJy (see Figure 4.6, left). The
Spitzer results published in Chen et al. (2006) place a tighter constraint on the short wavelength
excess (with a maximum 3σ limit on excess of 70 mJy at 8.5 µm), and confirm the excess at
around 30 µm (excess 120 ± 10 mJy). The IRS spectrum presented by Chen et al. (2006) shows
no evidence of excess at 12 µm. The excess at 25 µm is consistent with the IRAS limits. Here
we have fitted the excess emission with a blackbody at 80K (similar to the Chen et al. 2006
fit of 90K), which translates to a radial offset of 52.6AU (2.′′4). The image shows no evidence
for extension compared to the standards observed on the same night. The SED fit suggests
that the excess in this filter is expected to be Rλ = 2 × 10−6, or Fdisk = 0.0017 mJy. There
can therefore be no constraints on the disk geometry through the non-detection of extension
assuming the fit to the excess emission presented here (or that given by Chen et al. 2006) is
accurate. High resolution imaging at a longer wavelength, e.g. 24 µm, would allow constraints
to be put on this system, as at this wavelength the value of Rλ = 0.45 and the predicted radial
location of 2.′′4 compares very favourably with the diffraction limit of an 8m telescope at 25µm
(0.′′8). With sufficient signal-to-noise this disk could be resolved in such an observation.
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Figure 4.5: Results of observations and analysis
of HD23281. Left: The SED of HD23281 with
a blackbody fit to the excess emission at a tem-
perature of 210K. This suggests an offset of 0.′′14
from the star. This fit is marked on the extension
limits plots below. The shaded regions are those
in which a disk could lie and have remained un-
detected. The limits suggest this fit is at most a
2.5 times underestimate of the true dust location
(or 1.5 times if the disk has a narrow geometry)
Figure 4.6: The SED fits of the excess emission of two stars with excess at longer wavelengths than
that of the observations presented here. Left: HD31295 with excess fit by a blackbody at 80K. Right
HD38206 with excess fit by a blackbody at 90K.
93
CHAPTER 4. A STARS
HD38206: This star was first identified as a host of mid-infrared excess by Mannings &
Barlow (1998) in their analysis of the IRAS catalogues. There is significant excess in the IRAS
data at 25 µm (excess 67 ± 21 mJy) and 60 µm (306 ± 38 mJy).
Our observations of this source with TIMMI2 at 9.6µm showed no evidence for excess
emission (flux 196 ± 48 mJy, expected photospheric flux 204 mJy, see Table 4.2). However,
recent MIPS observations of this star (Rieke et al. 2005) have confirmed the 24 µm excess,
with flux of 115 ± 12 mJy (expected photospheric flux 33 mJy, good agreement with the
IRAS measurements, see Table 4.2). The excess emission is fitted with a blackbody at 90K
(translating to a radial offset of 48.4 AU, 0.′′70, see Figure 4.6 right and Table 4.3). This cool
fit gives an R9.6µm = 9 × 10−4, or at this wavelength Fdisk = 0.055 mJy. As with HD31295,
only longer wavelength high resolution imaging will be able to constrain or potentially resolve
the location and geometry of this disk (at 25µm this system has Rλ = 0.76 and thus the disk
could be resolved with 8m telescope observations or limits put on its location depending on the
accuracy of the 0.′′7 prediction, and of course assuming that the observations are of sufficient
signal-to-noise).
HD71155: This source was identified by Coté (1987) as being as host of mid-infrared excess
based on its IRAS data. The excess emission is 162 ± 31 mJy at 12 µm and 249 ± 41 mJy at
25 µm.
HD71155 was observed on all runs at different wavelengths. The photometric uncertainties in
the TIMMI2 observations means that we can only use these to search for companion/background
sources which could be responsible for the IRAS excess detection. None were found, with any
undetected sources within the TIMMI2 field-of-view limited to less than 98 mJy, or within the
smaller VISIR field-of-view, to less than 16 mJy at Q (see Table 4.2). All of the observations
suffer somewhat from uncertain calibration; the Gemini observations have very few standard
observations with which to constrain the calibration levels (calibration uncertainty is as high as
20% in the Q band observations). The VISIR image, taken in the Q band, is the most reliable
in terms of its calibration, with errors on absolute calibration being around 8%. The results
are just below the 3 σ limit of confirmation of excess with a flux of 380 ± 36 mJy (expected
photospheric 280 mJy). This suggests a lower level of excess than might have been expected
from the IRAS data-points. However, the MIPS results published by Rieke et al. (2005) also
suggest that the IRAS results may over-estimate excess, finding a flux density of 321 ± 32 mJy
at 24 µm, compared to 432 ± 41 mJy at 25 µm as found in the IRAS data (see Table 4.2). The
difference is not significant at the 3 σ level however.
We choose to retain the MIPS 24 µm measurement over the IRAS 25µm measurement in
the following analysis to take advantage of the reduced errors. The more recent measurements
(the upper limits at N and Q presented in this chapter and the MIPS excess) allow a single
temperature dust fit (model A) at 120K (see Table 4.3 and Figure 4.7). If the 12 µm excess in
the IRAS database is taken into account, which is not ruled out by the limits presented here,
then a two-temperature dust model (model B) fits the spectral energy distribution better (see
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Figure 4.7: Top left: The SED of HD71155 with a single blackbody fit to the excess emission at a
temperature of 120K. This suggests an offset of 1.′′03 from the star. This fit is marked on the extension
limits plots in the bottom panel. The shaded regions are where the disk(s) is (are) expected to lie. The
limits suggest that the two-disk model (top right), which also agrees well with the IRAS 12 µm data,
as shown top right, is more likely.
Figure 4.7). The two temperature fits have a hot component at 900K (0.61AU, 0.′′016) and a
cool component at 90K (61AU, 1.′′59).
No evidence for extension was seen in any of our images. No limits can be placed on model
A from the N band image, and the constraints on model B are less stringent than those from
the Q band image. The limits placed by the lack of extension detection at Q suggest that model
A at 120K (0.′′90) is unlikely given a fractional excess contribution at 18.5 µm of 24% should
have been detected in the VISIR image (see Figure 4.7, note that this value of Rλ comes from
the blackbody fit; using the IRS spectra given in Chen et al. (2006) instead gives a similar value
of Rλ = 0.29). Even in the case of the least constraining disk geometry (dr/r = 2.0, face-on),
the limit placed by non-extension on this level of disk flux is 0.′′505. Our analysis therefore
supports a two temperature component fit to the excess emission, as the limits require at least
some fraction of the Q band excess to be unresolved, and this would not be the case in the
single temperature model (model A).
The results suggest that model B is the best fit to all the current data. The small radial
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Figure 4.8: The results of analysis of the observation of HD75416. Left: The SED of this object with a
blackbody fit at 250K to the excess emission. Right: The limits on disk location given by non-detection
of extension in the image. The grey area shows possible disk locations for any of the geometries tried.
The filled circle gives the predicted location from the SED fit.
extent of the hotter component of this model (0.′′016) would not be resolvable on any 8m
telescope. Also note that the temperature fit of the hotter component is based on the IRAS
12 µm excess and the upper limit to excess from the VISIR Q band photometry. A hotter
disk temperature could also be responsible for the 12 µm excess, translating to an even smaller
radial offset. Only interferometry can resolve emission on such small spatial scales. The cooler
component is predicted to lie at 1.′′59, with fractional flux Rλ = 0.056 at Q (assuming the hotter
component contributes to the unresolved flux). This component is in the region in which the
signal-to-noise controls the detection of the disk. To resolve such a component would require a
signal-to-noise at least three times higher than that of the Q band VISIR observations presented
here.
HD75416: The star was identified as a possible mid-infrared excess host by Mannings
& Barlow (1998) in their study of the IRAS point and faint source catalogues. The IRAS
measurements suggest an excess of 86 ± 22 mJy at 12µm and a less significant 86 ± 38 mJy at
25µm.
The N band excess of HD75416 cannot be confirmed with the TIMMI2 observations. The
calibrated flux is 204 ± 88 mJy (photospheric from Kurucz modelling of stellar flux is 144 mJy).
The MIPS result at 24µm (Rieke et al. 2005) is in good agreement with the IRAS detection at
25 µm (MIPS 128 ± 13 mJy, photosphere 34 mJy; IRAS 117 ± 38 mJy, photosphere 31 mJy).
Using these two data points and the IRAS 12µm measurement (220 ± 22 mJy, photosphere
134 mJy, see Table 4.2) suggests a dust temperature of 300K, corresponding to an offset of
11.1AU (0.′′11, see Table 4.3 and Figure 4.8). The extension tests show that the stellar image
is consistent with a point source. The limits placed on the disk size through non-detection
of extension are 0.′′569 ± 0.′′06 for a face-on narrow ring, or for an edge-on narrow ring 0.′′582
± 0.′′07 (see Figure 4.8, right). At the predicted level of extension and with disk flux at a
level of Rλ = 0.229 at N, very good seeing conditions would be needed to be able to resolve
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Figure 4.9: The results of the analysis of HD141795. Left: The SED plot of this object, with symbols
> 10 µm shown after subtraction of stellar photosphere, with 3 σ limits. The blackbody fit to the
excess emission is 250K. Right: The extension limits resulting from a non-detection of extension in the
MICHELLE Q band image. The SED predicted location of the disk is shown by a filled circle. The grey
region is that in which a disk would have remained undetected by our extension testing procedures.
this emission on an 8m class telescope, although at Q, the disk contribution to the flux would
be much easier to detect. This small scale is beyond the resolution power of TIMMI2 (pixel
scale 0.′′2/pixel). It is important to note, however, that as the excess is only weakly significant
at 12 µm, the temperature of the dust is very uncertain and can only be confirmed through
photometric confirmation of excess at longer or shorter wavelengths (with greater photometric
accuracy). The disk location itself can only be unambiguously confirmed through resolved
imaging.
HD141795: This source was listed as a star with possible infrared excess by Shylaja &
Ashok (2002), as at 25µm the IRAS measurements suggest an excess of 141 ± 28 mJy. It was
observed by both TIMMI2 and MICHELLE. In both observations the star is detected strongly,
with calibrated flux of 1138 ± 119 mJy at 12.21 µm and 511 ± 39mJy at 18.5 µm. Non-
photometric conditions during the TIMMI2 observing run and the small number of standard
observations taken with MICHELLE in the required band on the night of the observation mean
that the calibration errors are high, and so we are unable to confirm the excess suggested by
IRAS. The MICHELLE data do suggest a slightly lower flux than is given by the IRAS 25µm
result, giving a 3 σ upper limit on excess of 137 mJy at 18.5 µm. The images show no evidence
for extension. The limits placed on the disk extension from the Gemini observation are < 0.′′26
at Rλ = 0.229 for a face-on narrow disk, or 0.
′′28 if the disk is face-on and wide. The SED
fit to the 25 µm excess measurement and 12µm upper limit gives a blackbody temperature of
250K, translating to a dust offset of 4.64AU (0.′′22). Such a fit limited by the 12 µm upper
limit represents the hottest temperature blackbody consistent with the data, as with only one
significant excess measurement there is a great degree of uncertainty in the best fit temperature.
The extension limit of 0.′′28 translates to a temperature of ≃ 220K, which provides a lower
limit to the disk temperature assuming a reasonably favourable geometry (narrow ring) and
an Rλ value of 0.109-0.302 (taken from the 3σ limits on the IRAS 25µm excess). Note that
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Figure 4.10: The SED of HD23432 with sym-
bols at > 5µm (including the TIMMI2 data
points) showing emission after subtraction of pho-
tospheric contribution. The excess is most likely
due to the reflection nebulosity in this region. The
TIMMI2 data points are highly untrustworthy due
to the poor photometric conditions.
the only detection of excess emission (the IRAS 25 µm measurement) is significant at the 5
σ level (flux 410 ± 28 mJy, photosphere 269 mJy). If we also bring the uncertainty on our
fit to the stellar photosphere into consideration (arising from the uncertainty in the K-band
2MASS measurements, see Section 3.2), then the 25 µm photospheric contribution could be
343 mJy, reducing the significance of the excess measurement to 2.4 σ and the value of Rλ to
lie ∈ [0, 0.19]. With these residual uncertainties further confirmation of the excess emission is
necessary to confirm the temperature limits given by the extension testing.
4.3.3 Not a debris disk candidate
HD23432: HD23432 (Asterope) was identified by Oudmaijer et al. (1992) as being amongst a
sample of SAO stars with IRAS infrared excess. This star has an excess of 256 ± 43 mJy at
12 µm and 1159 ± 42 mJy at 25 µm (after subtraction of the photosphere). In addition it also
has excess at longer wavelengths: 6533 ± 780 mJy at 60 µm; and 13078 ± 4979 mJy at 100µm.
The excess emission is not confirmed in the TIMMI2 observations of HD23432, as a flux
of 141 ± 62 mJy at 11.6 µm is found, compared to an expected stellar flux of 136 mJy from
a Kurucz profile fit (Kurucz 1979, see Table 4.2). The TIMMI2 data-points plotted on the
SED (Figure 4.10) are shown with the calibration limits taken from the standards immediately
before and after the science observation, and are shown after the subtraction of the photospheric
contribution. The overall photometric errors are much higher, with a change of calibration factor
over the course of the night of around 30%. Optical observations of this Pleiades member show
it to lie close to a diffuse reflection nebula Ced 19h (Cederblad 1946). The IRAS measurements
of the excess emission suggest that if we assume a debris disk is responsible for the excess,
we would need to invoke three blackbody components to fit the SED. The coolest component
would be at a temperature of ∼ 28K according to the fit shown in Figure 4.10, and would have
to be very massive (Ldust/L∗ = 1.7× 10−3 from this component alone), making this unlike any
debris disk system yet resolved. For other sources found to have excess emission longwards of
∼ 100µm, that cannot be explained by a debris disk model, interactions with interstellar dust
have been shown to be responsible for the excess emission (Kalas et al. 2002; Gáspár et al.
2007). The unusual shape of the SED together with the proximity to Ced 19h suggest that the
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Wavelength Point source sensitivity FWHM
µm 0.5 hr on source ′′
18 3.6 mJy 0.6
25 9.6 mJy 0.72
Table 4.4: Parameters Assumed in Determining Disk Extension Detectability
Star Wavelength Predicted disk from SED fit Observed disk Reference
HD µm Radius, ′′ Flux, mJy Radius, ′′ Flux, mJy
9672 18 1.42 35 0.98 68 Wahhaj et al. 2007
38678 18 0.43 475 0.18 400 Moerchen et al. 2007
39060 18 1.59 2688 2.59 4336 Telesco et al. 2005
109573 18 0.51 1307 1.04 807 Telesco et al. 2000
141569 18 0.45 549 0.63 623 Fisher et al. 2000
39060 25 1.24 8005 2.59 6960 Telesco et al. 2005
Table 4.5: The Predicted and Measured Disk Parameters of A Star Sources with Resolved Debris
Disks in the Mid-Infrared.
emission is the result of interaction with the nebula, although this interpretation could be more
clearly confirmed by resolved imaging from optical through to infrared wavelengths.
4.4 Predictions for future observations
I shall now consider what the new method of extension testing limits predicts for the resolvability
of A star disks in future observations using 8m class telescopes.
I consider the detection limits achieved in two hours of observing with typical PSF widths
and sensitivities seen in the observations taken with Gemini instruments presented in this thesis.
I consider observations at 18 and 25 µm. The parameters used in predicting the resolvability
limits are summarised in Table 4.4. The point source sensitivity follows from the detection levels
found in the 0.′′5 apertures used to determine the photometry at 18 µm, and extrapolation to
25 µm assumes a factor of 8/3 brightness increase needed for a source to achieve the same
signal-to-noise in the Qb filter (25 µm) of TReCS as in the Qa filter (18 µm). This follows the
guidelines on the Gemini website. The FWHM values are taken from the observations presented
here and those of Telesco et al. (2005) for the 25 µm observations.
The predicted extension limits for two hours of on-source observing are plotted in Figure
4.11. The solid line is for a face-on disk of width dr = 0.2r, with a perfectly constant PSF
(dθ = 0). The other lines show possible changes from this base model: a wider disk (dr = 2.0r);
and edge-on disk; and a varying PSF (dθ/θ = 0.1).
Overplotted with filled circles are the A star disks listed in Wyatt et al. (2007b) (used
for comparison of disk statistics with the analytical model as presented in Section 2.3.3) with
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Figure 4.11: Predictions for the resolvability of disks in 2 hours of on-source observation with Gemini
instruments. See text for details of model limits and disk properties. Sources in red have already been
resolved at this wavelength. Circles mark disk parameters estimated from SED fitting. Asterisks mark
the true disk fluxes and radial offsets seen at this wavelength for the resolved sources (as listed in Table
4.5). Note the typical difference between the predicted and true disk locations is a factor of 2-3.
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detections at 24 and 70 µm (or 25 and 60 µm, see Table 1 of Wyatt et al. 2007b). Disk radii
and flux levels are taken from fits to the excess emission with a single temperature blackbody
as described in that paper. Those disks that have already been resolved are shown in red.
Asterisks mark the true dust location in radius and flux from the resolved images as listed in
Table 4.5. The plots show that those disks which we would predict to be most easily resolved
are indeed those sources which have already been resolved. This indicates that this method of
predicting the most easily resolvable disks may be a very useful technique in choosing sources
for future observation.
In addition to the disks listed in Wyatt et al. (2007b) shown on Figure 4.11, we show the
predicted locations in radius/flux space of the simulated disks around 10,000 A stars presented
in that paper and presented in Figure 2.4. The model disks are shown in Figure 4.12 as dots.
Note the prediction that there should be a few disks in the resolvable space above the lines
shown in the plot, but many more in the spaces below these lines. This is matched in terms
of distribution by the known disks. A key point to remember, however, is that these limits
are for two hours of observing with 8m class telescopes. For the disks with r/θ > 1, such
limits can be easily surpassed in longer observations, or with more sensitive instruments in the
future as they are signal-to-noise limited. For smaller disks, we will require a very stable and
well-characterised PSF, and for some disks, even larger telescopes (for example the E-ELT, see
Chapter 6).
Note that at 18 µm, the predicted disk of HD9672 (also known as 49 Ceti) appears below our
limits and yet it has already been resolved with Keck by Wahhaj et al. (2007). Their resolved
imaging and SED fitting suggested a two disk fit, with the outer component at around 60 ± 15
AU (for comparison the disk radius used in Figure 4.11 is 68AU). The excess emission at 18 µm
was predicted to be 35 mJy, but Wahhaj et al. (2007) find an excess from the resolved outer
disk to be closer to 68 mJy at 18 µm (see Table 4.5). The disk is inclined at 60◦ degrees to the
line-of-sight, which enhances the detectability of a disk when r/θ > 1, compared to a face-on
disk. In addition, the PSF at 17.9 µm, the wavelength of the resolved disk image, has a FWHM
of 0.′′49, smaller than that used for these predictions due to the different sizes of the Gemini
(8m) and Keck (10m) telescopes (see Table 4.4). The total flux detected in the final 17.9 µm
image is 186 ± 25 mJy. When using these observational parameters and the disk parameters of
60AU in size and 68 mJy flux, the predictions change and suggest that we would indeed detect
such a disk at above the 3 σ level (see Figure 4.13).
The differences between the predicted disks from SED fitting and the true disk fluxes and
radial offsets seen in resolved images and marked with asterisks on these plots serve to caution
against the over-reliance on Figure 4.11 as a tool to determine absolutely which disks can
and cannot be resolved. Potential errors in the prediction of the resolvability limits arise, for
example, from the assumption that the PSF can be modelled as a simple circular Gaussian of
a set size, and also the use of the sensitivity limits found in the observations presented in this
thesis, which were not necessarily always observed in optimal conditions. The predicted disk
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Figure 4.12: Predictions for the resolvability of the model disks population presented in Chapter 2
and Wyatt et al. (2007b) in 2 hours of on-source observation with Gemini instruments. The dots show
the model disk population. This can be compared with the known population of A star debris disks,
shown in Figure 4.11.
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Figure 4.13: The 18 µm resolvability predictions based on the observational results of Wahhaj et al.
(2007). These observations were able to resolve the disk of HD9672 (49 Ceti), as predicted based on
the improved disk data (disk radius and flux levels, see Table 4.5).
parameters are also subject to large uncertainty. As discussed in Chapter 1, using a blackbody
fit to an SED to determine the properties of a disk can lead to inaccurate predictions of the
disk’s radial location. Blackbody fitting can also lead to errors in predicting the disk flux,
for example if no photometry is available at the wavelength under consideration or the excess
emission actually arises from multiple dust components. Indeed, it is these very uncertainties
that mean that even unresolved images allow us to learn more about the disks location. For
example, if a disk predicted to be resolved in an observation using this technique proves not to
be resolved, we can put quantitative constraints on the disk parameters such as dust size and
radial extension (see, e.g., HD71155). These plots can act as a guide to the best sources to
include in future observation programmes to resolve disks, but, as already highlighted in this
chapter, only by resolving the disk can we know its true location.
These plots demonstrate that, even with current instrumentation, there is the potential to
resolve many debris disk sources if appropriate observing time is available. This is particularly
true at 25 µm, where only one disk has been resolved to date. If these disks can be resolved
we will improve our understanding of the A star debris disk population as a whole and remove
many of the uncertainties currently surrounding these sources (see Section 1.4).
4.5 TReCS observations of HD181296
The discussion of the previous section and Figure 4.11 indicates that one source already dis-
cussed in this chapter, HD181296, has the potential to be resolved by deep 18µm imaging: in
fact, it is the best candidate for such imaging among known A star disks not already resolved.
As this source had already been confirmed as a host of hot dust emission from the TIMMI2
observations presented in this chapter, but had not been observed on larger telescopes, time was
applied for to observe this source with TReCS. This proposal was granted time under proposal
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ID GS-2007A-Q-45.
We observed this source using TReCS on Gemini South with filter Qa (λc = 18.3 µm, ∆λ
= 1.51 µm) and Si5 (λc = 11.66 µm, ∆λ = 2.13 µm). The pixel scale of the TReCS imager
is 0.′′09 with a total field of view of 29′′× 22 ′′. The observations were taken in parallel chop-
nod mode with a chop throw of 10′′and chop position angle of 55◦ East of North at Q, 100◦
East of North at N. The Q band observations were taken over two consecutive nights (1st and
2nd July 2007), with the N band observations taken on one night only (12th July 2007). Total
integration time was 9120s (4560s on source) at Q, and 912s (456s on source) at N. Observations
of standard stars HD196171 (spectral type K0III) and HD179886 (spectral type K3III), both
listed in Cohen et al. (1999), were made to calibrate the photometry and also determine the
PSF of the observations. The data were reduced using the same techniques as described in
Chapter 3. The order of observations and integration times are shown in Table 4.6.
Photometry was performed using 1.′′0 circular apertures centred on the stellar image. The
centre of the image was determined through a 2-dimensional Gaussian fit. An average of the
calibration factors determined from the standard star observations taken on the night was used
for corresponding photometric calibration. Variation in calibration factors was found to be 4%
and 2% on the first and second nights of Q band observations, respectively, and 5% on the
night of the N band observations. However, the N band observations were found to have an
overall higher calibration uncertainty by testing the calibrated flux over the individual 304s
integrations of the science target. This variation suggests an overall calibration uncertainty of
13%. The Q band observations showed uncertainty at the 3% level only. Statistical noise was
determined on an annulus with inner radius 1′′and outer radius 2′′centred on the source. Our
photometry yields total fluxes of 342 ± 44 mJy at N and 345 ± 15 mJy at Q.
The emission spectrum of this source was shown in Figure 4.3. The stellar flux at N and
Q should be 282 mJy and 114 mJy, respectively, using a Kurucz model profile scaled to the
2MASS K band magnitude (see Section 3.2). The calibrated photometry thus gives a measured
excess of 60 ± 44 mJy and 231 ± 15 mJy. The excess expected from the IRS spectrum of Chen
et al. (2006) are 150 and 257 mJy, respectively, at these two wavelengths and so these results
are in agreement within the errors with the IRS results and the fit to the excess presented in
Section 4.3. The excess emission found in our photometry, and the expected emission from the
two blackbody components (at 115K, 29 AU and 370K, 2.8 AU) are listed in Table 4.7.
4.5.1 Co-addition of data sets
These data for HD181296 were taken in 304s long integrations. In order to avoid errors in
co-adding the data which could arise from incorrect alignment of the images, I used rebinned
images in which each pixel was a fifth the size of the TReCS image pixels to determine an
accurate centre of the stellar images, aligned and co-added these images and then rebinned
to the original pixel size. The rebinning was performed using bilinear interpolation across the
array. This technique was used both to determine a final image of our science target and
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Date Object Filter Integration time (s) Calibrated flux, mJy
01/07/2007 HD196171 Q 152 6058
01/07/2007 HD181296 Q 1824 350 ± 11
01/07/2007 HD196171 Q 152 6058
01/07/2007 HD181296 Q 1824 347 ± 11
01/07/2007 HD196171 Q 152 6058
02/07/2007 HD196171 Q 152 6058
02/07/2007 HD181296 Q 1824 345 ± 10
02/07/2007 HD196171 Q 152 6058
02/07/2007 HD181296 Q 1824 350 ± 11
02/07/2007 HD196171 Q 152 6058
02/07/2007 HD181296 Q 1824 331 ± 10
02/07/2007 HD196171 Q 152 6058
12/07/2007 HD179886 N 304 4417
12/07/2007 HD181296 N 912 342 ± 18
12/07/2007 HD179886 N 304 4417
Table 4.6: Observations in order and total integration times of the observations taken under proposal
GS-2007A-Q-45. Note that on-source integration time is half the total integration time listed in the
table.
Band Excess emission Expected from 370K Expected from 115K
mJy component, mJy component, mJy
N 60 ± 44 136 11
Q 231 ± 15 130 130
Table 4.7: The observed excess emission from the TReCS observations of HD181296, with comparison
to the predicted emission from the two blackbody components used to fit the excess SED.
standard star for each band, and in the Q band a final science and standard image for each
night.
Figure 4.14 shows the final coadded images of HD181296 and the standard star for a PSF
reference. The top line of this figure shows the Q band total image of HD181296 and the PSF
image with contours shown at 20%, 40%, 60% and 80% of the peak. An elliptical shape, with the
major axis at approximately 20◦ East of North, can be clearly discerned in the science images.
The ellipticity of the final image is 0.117 ± 0.007 (from fitting the image with a 2-dimensional
Gaussian with major axis at 20◦). For comparison, the ellipticity of the final PSF image is 0.08
± 0.005. The orientation of the major axis for the PSF is almost exactly east-west (91◦). The
same ellipticity is seen when looking at the total images for the two separate nights of Q band
observing (see Figure 4.15). Note that all the Q band observations were performed with no
on-sky rotation and chop-nod performed at 55◦ EoN and so the direction of the extension is
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unlikely to the result of chop smearing.
The N band images of HD181296 show an unusual shape. As well as a greater extension in
the North-South direction, as evidenced by the wider contour lines, the image has an unusual
asymmetric shape, with an extension towards the East of the image not matched on the West
side. This shape is not seen in the image of the standard. Examination of the individual 304s
long integrations taken of the science target at N shows that this shape comes primarily from
the final integration only. The eccentricities and orientations of the major axis (in degrees East
of North) for the 3 integrations are: 0.027± 0.009 at 110◦; 0.082 ± 0.09 at 167◦; and 0.163 ±
0.012 at 80◦. Thus I believe that this profile is not evidence for true extension. Comparing the
shape of the image of HD181296 without including the final integration (shown in Figure 4.16)
with the PSF confirms that excluding the final integration we observe a science target image
that is similar to the PSF at N. In addition, the PSF is less well constrained at N, as there
are fewer observations with which to determine what the PSF of a point source should be, and
thus the errors are correspondingly higher.
4.5.2 Testing the extension
To check that the Q band science images were indeed extended significantly relative to the PSF
calibrators, I looked at the FWHM of cuts through the major and minor axis of the elliptical
fit to the extension at Q (20◦ and 110◦ respectively). I searched for dependence on time and on
airmass by taking cuts through individual nod cycle images for the standard star and science
star at N, and two nod cycles for the science target at Q (as the signal-to-noise was insufficient
to allow reliable estimation of the FWHM in single nod cycle frames for the science target at
this wavelength). I looked at two ways of fitting the cuts, by a Gaussian profile and a Moffat
profile. Both fits provided the same relative results, although the peak was normally fitted
more accurately using the Gaussian profile.
To work out the effect of low signal-to-noise on the estimate of the FWHM, I modelled
the addition of Poisson noise to a perfect Gaussian at varying levels of significance and fitted
the result with a Gaussian profile. There was no systematic increase of the FWHM with the
addition of randomly distributed noise (e.g. a dominance of negative noise around the PSF will
decrease the FWHM, the opposite is true for positive noise). Obviously the higher the noise
level the greater the possibility of a poor fit to the FWHM, and I found a signal-to-noise of at
least 10 was necessary to allow a decent fit to the profile. For this reason, it was necessary to
use two nod cycles for the Q band science data to get a reliable FWHM measure.
The Gaussian profiles of the total images are shown in Figure 4.17. The inserts indicate
the orientation of the line cuts overplotted on the total science image. The extension indicated
by the contour plots at Q can be seen clearly in the profile of the final image. Notice that
the N band image also shows some evidence for extension at 110◦ over the PSF observation.
However this extension, unlike that seen at Q, is not at a significant level when considering the
uncertainty in the PSF and the occurrence of extension at this orientation in only 1 of the 3
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Figure 4.14: The coadded final images from the Q band (top row) and the N band (bottom). Ori-
entation of the images is North up, East left. Left: The total coadded images of HD181296 Right:
The coadded images of the standard star forming our reference PSF. Note the distinct ellipticity with
major axis in the North-South direction seen in the Q band image of HD181296 is not seen at N or in
the PSF. Contours are at the 20%, 40%, 60%, and 80% of the peak levels for all images.
individual integrations on this source (described in the previous section).
The plots in Figure 4.18 show the FWHM from the Gaussian fits to the cuts along the major
(left) and minor (right) axis of the suggested extension seen in the Q image. The cuts through
the Q band frames are shown in the top line, and the N band frames in the bottom line. No
evidence was found for dependence on airmass.
There is obviously a large degree of scatter in our measures of FWHM from pairs of nod
frames in the Q band science observations, as is to be expected when dealing with a point source
with a low signal-to-noise (of around 12 for the science frames). However it is clear from these
plots that at Q there is no difference in the FWHM of the science object frames and standard
star target frames at 110◦ East of North, but that at 20◦, there is a trend of larger FWHM for
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Figure 4.15: The coadded images for the two separate nights of observations in Q. Left: Images of
HD181296. Right: Images of the standard target. Notice that the same ellipticity is seen on both the
first (top) and second (bottom) nights as is seen in the final images (see Figure 4.14). Contours are at
20, 40, 60, and 80% of the peak.
HD181296 than is seen for any of the standard stars. Median values and 1 σ standard errors
are: for the standard target 0.′′52 ± 0.′′001 at 20◦, 0.′′54 ± 0.′′004 at 110◦; and for HD181296
0.′′58 ± 0.′′008 at 20◦ and 0.′′53 ± 0.′′01 at 110◦.
For the N band frames we again see no dependence on airmass. Though the median value
of the science frame FWHM is larger than those of the standard star, it is only the last few
frames of observation (those in the final integration responsible for the extension at 280◦ East
of North) that give this larger FWHM measure. Thus the variance is larger and the difference
not significant. The fact that the image appears larger in only a few frames further reduces the
significance of the result, unlike in the Q band where the larger FWHM is seen across many of
the frames. Median values and 1 σ standard errors of the Gaussian FWHM measurements are:
for the standard target 0.′′385 ± 0.′′003 at 20◦, 0.′′406 ± 0.′′004 at 110◦; and for HD181296 0.′′397
± 0.′′004 at 20◦, 0.′′411 ± 0.′′011 at 110◦. Excluding the final integration, the average FWHM
measurements for the science observation become 0.′′389 ± 0.′′003 at 20◦ and 0.′′390 ± 0.′′016 at
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Figure 4.16: The coadded final image
from the N band observation of HD181296
excluding the final integration. Notice
that the unusual shape seen in the fully-
summed image (Figure 4.14) is not seen
once this final integration is removed, and
the overall shape is very similar to the PSF
of the standard observations.
Figure 4.17: The Gaussian profiles of line cuts through the total images, at 20◦ (left) and 110◦
(right). Top: The profiles at Q. Bottom: The profiles at N. The dotted line marks the level at which
we measure the FWHM of the profile. The inserts show the total science images with the orientation
of the line cuts from which the profiles are determined indicated by a dot-dashed line.
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Figure 4.18: Measuring the width of the images. The FWHM of Gaussian fits to the star image
profiles through cuts at 20◦ East of North (left) and 110◦ East of North (right) at Q (top) and N
(bottom). The circles mark frames from the observations of HD181296 (two complete nod cycles at
Q to achieve sufficient S/N, one at N) and the crosses mark frames from observations of the standard
(single nod cycle). Notice the larger FWHM for the science target seen at 20◦ at Q, which is not seen
at 110◦ or at N. The dashed lines indicate the median FWHM of the science observations, and the
dotted lines the median FWHM of the standard observations. Note that the scatter is greater in the




While these observations confirm that the FWHM is significantly extended at Q, Figure 4.17
shows that most of the excess is in fact at a larger radius. As a first approximation to under-
stand this extension, I looked at a simple subtraction of the total PSF image (all the standard
star images sampled to sub-pixel resolution coadded after determining the image centre with
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Figure 4.19: The residual emission at Q after
subtraction of the total PSF image scaled to the
peak of the image of HD181296. The minimum
cut-off in colour scale is 1 σ per pixel. The arrow
indicates the direction of the M7/8V binary which
lies at 4′′, PA◦160.
Gaussian fits as shown in Figure 4.14) from the total science image, scaling the peak of the PSF
image to that of the science image. The residual image at Q is shown in Figure 4.19. The peaks
in the residual image are centred at 0.′′47, 11◦ East of North, and 0.′′42, 188◦ East of North. As
a guide, an offset of 0.′′45 translates to a distance of 21.6AU assuming a distance of 48pc to the
star based on its parallax. The arrow indicates the direction of the binary at 4′′, PA160◦. The
residual emission is at an angle of 30◦ with respect to the direction of the binary, suggesting
an edge-on disk which is not in the same plane as the binary. The flux in these residual peaks
totals 90 ± 5 mJy. However, the geometry of these residuals suggests that they may come from
a disk lying near edge-on to the line of sight. If this is the case a significant amount of the flux
from the disk could be subtracted by a simple PSF scaled to peak subtraction. In any case, the
similarity if the flux expected from the 115K component in the fit to the excess shown in Figure
4.3, and in terms of the expected size, suggests that we have imaged the cooler component
of the dust in the system (while a 29AU ring would have a radius of 0.′′608, convolution with
the PSF would mean that the lobes appear at a smaller radius; this occurs because the lobes’
predicted offset is close to the size of the PSF, and the star plus the body of the disk, lying
across the star if the edge-on interpretation of these images is correct, will smear in convolution
with the PSF to give the impression of a smaller lobe offset). A more optimal subtraction will
discussed in a future paper incorporating more detailed modelling of the extended emission.
The N band observation shows no evidence for true extension. As shown in Table 4.7, the N
band excess emission is expected to be dominated by the 370K component. A blackbody at such
a radius is predicted to lie at an offset of 2.8AU (0.′′059, see Table 4.3). This size is smaller than
the pixel scale of TReCS (0.′′09 / pixel) and so would not be resolved in these observations. The
cooler disk component at 115K is only expected to contribute 11 mJy to the N band flux, which
is too faint to be detected in the observed integration time. The non-detection of significant
extension at N is therefore entirely compatible with the two temperature disk model for this
source.
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4.5.4 The implications of this resolved imaging
The observations presented in this section demonstrate that the predictions of the extension
testing modelling presented in Section 4.4 can indeed be used successfully to indicate sources
ideally suited to 8m telescope imaging. The caveats discussed in Section 4.4 do mean that it
will not always be the case that we can resolve all disks we are predicted to resolve, but if
we can be reasonably certain of the levels of disk flux and the radial offset of the disk, these
predictions can be used with some confidence.
This confirmation of the utility of this aspect of the extension testing modelling suggests
that we could not only use this technique to predict the resolvability of disk sources on currently
available instrumentation, but also use the same techniques to predict the potential of future
instruments to resolve disk sources. This possibility is discussed in greater detail in Chapter 6.
4.6 Discussion
This sample contains seven sources with excess infrared emission confirmed either in this paper
or the work of the MIPS team (Rieke et al. 2005). The SED fitting indicates that these objects
are surrounded by dust at a distance of between 2–60 AU (or alternatively two temperatures of
dust at 0.6 and 61AU for HD71155 and 2.8 and 29 AU for HD181296). These regions (the outer
belt locations for the two component disks) are those in which we would expect the formation of
giant planets. Thus it is important consider the nature of these systems, and how the existence
of this dust emitting in the mid-infrared adds to our current understanding of the evolution of
circumstellar regions.
Rieke et al. (2005) looked at a sample of 266 A-type stars at 24 and 70µm and examined the
relationship between fractional excess and the age of the central star as described in Section
1.4. They found that the excess emission (upper envelope and mean) generally fell-off inversely
with time for the stars with detected excess. The sample of confirmed sources has an age range
from 5–626 Myr. Assuming the fits to the SED profiles presented in this paper and plotting
the predicted 24µm excess emission compared to stellar flux versus age, it is clear that these
results are in rough agreement with the findings of Rieke et al. (2005), (Figure 4.20, c.f. Figure
1.5), although with such a small sample size we can only really say that none of the sources
appear to violate significantly the upper envelope described by Rieke et al. (2005).
The proposed decrease in excess with age can be attributed to the loss of material through
collisional destruction and consequent removal by processes such as radiation pressure and
Poynting-Robertson drag. The timescales on which these processes operate mean that the very
existence of the thermal emission indicates the need for a continuous or stochastic replenishment
of the dust population - simply put, dust of a size contributing to mid-infrared excess emission
through reprocessed photospheric emission has too short a lifetime to be primordial in systems
of 1–10Myr or older (see Section 1.2). The observed results of Rieke et al. (2005) are in good
agreement with the collisional cascade model presented in Chapter 2 as discussed in Section
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Figure 4.20: Plot of age versus fractional excess from SED fitting at 24 µm. The line shows a t−1
dependence, taken from Rieke et al. 2005, and this plot can be directly compared to their figure 2.
2.3.3. Comparing the results presented in the present chapter to the maximum fractional excess
predicted for these systems based on Equation 2.18, shown in Table 4.3 (using dr/r = 0.5, Dc
= 60km, Q∗D = 150Jkg
−1, e=0.05 and values of M⋆ and L⋆ appropriate to the spectral type
of each star), we see that for nearly all our sources the steady-state collisional cascade model
can easily account for the level of excess emission seen (fIR/fmax ∼ 100 or less). For HD56537
this ratio is ∼ 4000, however the dust emission is not yet confirmed around this source, and
so it would be unwise to try to draw conclusions at this point from this comparison. This
ratio is also high for HD141795, fIR/fmax ∼ 550. However, this emission is again unconfirmed
and the SED fit poorly constrained by the single significant IRAS excess measurement, and so
the radial location of any excess emission (should it be confirmed) is highly uncertain. The
obvious transient candidate is the hot dust component of HD71155. In this case, the hot dust
is predicted to lie very close to the star (0.6AU). The collisional lifetime of bodies in a ring at
such a small radius is short (see Equation 2.6) and thus the maximum fractional excess is low.
This emitting dust cannot be explained by a spatially coincident parent planetesimal belt. As
was the case for η Corvi discussed in Section 3.6.2, the cooler belt at 61AU could represent the
parent population of the hot dust emission as well as spatially coincident dust dominating the
excess at longer wavelengths. The limits on the location of a parent belt are shown in Figure
4.21 and are described in Section 2.3.2 (also compare with Figure 2.3, note that as this source
has an IRAS 60 µm excess no detection limit has been shown on this plot). The predicted
location of the cooler dust component does indeed fall within the region one would a expect a
parent belt of the hotter component to lie in. However, the transport mechanism to get the
dust to 0.6AU is unknown.
The differences of flux levels between stars of the same age must also be noted. For example,
HD3003 and HD181296 are of approximately the same age, and yet the fractional excess exhib-
ited by the latter object is far higher. This mirrors the finding of Rieke et al. (2005), who saw
such differences many times over in their sample (see Section 1.4 and 2.3.3). Rieke et al. (2005)
interpreted such differences as evidence for stochastic evolution in debris disks. However, as
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Figure 4.21: Constraints on the frac-
tional luminosity and radius of the plan-
etesimal belt feeding the transient hot dust
of HD71155 (shaded region), as outlined in
Section 2.3.2. The two temperature pop-
ulations can be explained by a transient
dust population (diamond) being fed by a
cooler dust component (triangle). See text
for further details.
demonstrated in Chapter 2, the results can be explained simply by differing initial disk masses
and radial offsets. Apart from the hot component of HD71155, the excess emission around
the sources studied in this chapter can be explained by a spatially coincident planetesimal belt
undergoing a steady-state collisional cascade.
As with the Sun-like sources observed in Chapter 3, for the majority of the sources observed
in this A star study there is still a great deal of ambiguity in the true dust location. The
exception in this case is the resolved disk of HD181296. For the remaining sources, the extension
limits testing provides very useful constraints on the maximum extent of the disk. Without
being able to fully constrain the dust location(s) for any of our objects other than HD181296,
what is still of interest is the approximate location of the dust populations. Many of these
systems are young, and so it is perhaps less surprising to find dust emitting in the mid-infrared,
as it is likely for several of these systems that planetary system formation and evolution has not
yet reached a solar system-like steady state in which we might expect only cool dust emission
or very low emission at higher temperatures (the asteroid belt produces a fractional excess
emission of ∼ 10−7, Dermott et al. 2002). However, without more decisive information on the
true location of the dust, any analogy drawn with our own planetary system must be speculative
at best.
4.6.1 Future prospects
In Section 4.4, the extension limits testing technique was used to show the potential for future
observational studies carried out on currently available instruments to resolve debris disk emis-
sion around A stars. Though several caveats must be taken into account before relying on the
predictions of Figure 4.11, the resolved emission around HD181296 (seen in Section 4.5) as pre-
dicted from the extension limits modelling technique, demonstrates that this approach can be
used to identify fruitful sources of such an observing campaign. As different instruments come
on-line in the future, for example MIRI on the James Webb Space Telescope (with increased
sensitivity) and ground-based extremely large (30–40m aperture) telescopes (with greater res-
olution), further opportunities to resolve a greater sample of the A star debris disks population
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will arise (see Chapter 6). With this will come a greater insight into these exciting sources, and
the potential to understand in greater depth the conditions extra-solar planetary systems may
form and evolve under.
4.7 Conclusions
The results of the A star observational study presented in this chapter can be summarised as
follows:
• I have made independent confirmations of the excess emission around three of the targets
- HD3003, HD80950, and HD181296.
• One source (HD23432) has excess which can be explained by interaction with a reflection
nebula.
• The extension testing method is used to place limits on the disk around the confirmed
and unconfirmed objects. For HD71155, the limits determine that a two-temperature fit
to the excess emission is more likely, as a single temperature blackbody component at
120K should have been resolved, yet no extension was seen in the images.
• The modelling of extension limits is also used to highlight the potential of future observa-
tions of A type stars with 8m class telescopes to resolve the disk structure, in particular
at 25 µm.
• These predictions led to a further application of telescope time for HD181296, which was
shown to have a resolved disk at 18µm.
Most of the sources in this sample are relatively young, and have disks at sufficiently large
radii to be explained within the context of an asteroid-like belt undergoing a steady state
collisional cascade. HD71155 was found to be best fit by a two dust population model. For
this model, the hottest dust component cannot be explained by the steady-state evolution of
an in situ belt. This dust may be the product of a transitory event, or be daughter fragments
of the belt lying at 61AU, although a method to transport material from 61 to 0.6 AU has
not been identified. Before detailed modelling of this or any of the other systems observed in
this chapter can begin, the disk location must first be confirmed through resolved imaging, as
all models depend crucially on the location of the dust. For some of the sources, this simply
requires better observations with 8m telescopes, as was shown to be the case for HD181296;




MIDI observations of hot dust
systems
5.1 Introduction
The preceding two chapters presented single-dish high-resolution imaging of sources believed
to host debris disks emitting in the mid-infrared. In only one case did the observations resolve
the disk emission. In the majority of cases this is to be expected, as the predicted location of a
dust population emitting strongly in the mid-infrared is often spatially small, particularly for
the somewhat cooler Sun-like stars discussed in Chapter 3.
In order to understand the nature of the excess emission, even within the context of the
simple collisional cascade model presented in Chapter 2, a well constrained disk location is
necessary (see discussion in Sections 2.4, 3.6.2, and 4.6). The extension-testing limits modelling
presented in Chapter 3 allows constraints to be put on the outer extent of a disk (assuming a
sufficient disk flux), in the case that the disk is unresolved. Interferometric observation is the
only currently available tool to resolve disk emission on 10 mas scales, or to place limits on the
smallest size the disk can be if it is larger than ∼ 10mas.
In this chapter, I present the first observations of mid-infrared debris disk sources with the
Mid-Infrared Interferometric Instrument (MIDI) on the VLTI. This programme of observations
represents a proof of concept, that observations with MIDI can provide valuable constraints
on debris disks in the mid-infrared. This observational programme has been undertaken in
collaboration with Mark Wyatt and Chris Haniff (Cavendish Laboratory, University of Cam-
bridge). These observations will allow limits to be placed on the innermost limits of the debris
disk location. Combining these results with those of the single dish imaging will allow tighter
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constraints to be placed on the location of the disks, allowing a more robust interpretation of
the disk flux within the context of the collisional cascade model.
5.2 Interferometry and the MIDI instrument
The primary purpose of this thesis is not an exploration of interferometric techniques, and I omit
a detailed description of the theory of optical/infrared interferometry. This section summarises
the fundamentals required to understand the results of the observations presented in this chapter
in a very simple manner. The interested reader is directed to the proceedings of the recent VLTI
Euro Summer School Observation and Data Reduction with the VLT Interferometer (Malbet
and Perrin, eds., 2007) for a more detailed introduction.
MIDI (the Mid-infrared Interferometric instrument) is the VLTI instrument for N-band (8
to 13 µm) interferometry. It is a two-beam recombiner of a pupil plane or Michelson type (see
Figure 5.1). This means that two beams (in the case of an astronomical interferometer, the
light from two different telescopes imaging the same source) are combined at a half-silvered
mirror, resulting in two output beams. These output beams contain the fringe signal from the
source, as well as photometric signal and signal from the thermal background. If we label the
two telescopes A and B, and the signal collected at them IA and IB respectively, then if ηA and
ηB are factors representing the performance of the telescope optics (in an ideal interferometer
ηA = ηB = 1), the intensity of the signal measured at each telescope is given by IA = ηAIsrc,
and IB = ηBIsrc respectively, where Isrc is the true source intensity. Thus the two output beams
have signal
I1 = S1 + Isrc
[
tηA + rηB + 2
√
rtηAηBV (Bλ) sin(kd + φ)
]
(5.1)
I2 = S2 + Isrc[rηA + tηB − 2
√
rtηAηBV (Bλ) sin(kd + φ)], (5.2)
(see Tristram 2007 for a detailed derivation of this equation). Here S1 and S2 are the back-
ground signal in each beam primarily due to sky emission, r and t represent the reflection and
transmission at the half silvered mirror (in an ideal interferometer, r = t = 0.5), V (Bλ) is the
modulus of the visibility function of the source for a given baseline B and wavelength λ, k is the
wavenumber k = 2π/λ, φ is the phase of the visibility function, and d is the delay function. The
delay function describes the difference in paths that the light coming from the two telescopes
has taken. This is composed of the atmospheric delay, datm, which arises from differences in
the atmosphere observed in the two beams and which can vary rapidly through the course of
an observation, and the instrumental delay (which comes from the difference in the light paths
as they pass through the interferometer) dins. As shown in Figure 5.1, there is a physical path
length difference between the light beams observed by telescopes A and B. To try to correct for
this a delay line is added to one (or both) of the beams before beam combination (shown as d2
on Figure 5.1). The length of the delay line can be altered to find path length equality.
For a perfect interferometer with a perfect beam splitter (equal shares of the beam intensity
passing to each detector from each beam, r = t = 0.5), subtracting the two output intensities
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Figure 5.1: A schematic of an optical interferometer (top, Haniff 2007a) and the beam combiner
(bottom, Haniff 2007b). The different beams come from the different telescopes (apertures). Note
that each of the two complementary outputs from the beam splitter are recorded, although only one
detector is shown in this image.
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results in a perfect cancellation of the thermal background and the photometric signal and a
doubling of the fringe intensity,
I = I1 − I2 = S1 − S2 + Isrc[(t − r)(ηA − ηB) + 4
√
rtηAηBV (Bλ) sin(kd + φ)]
= Iresid + 2fIsrcV (Bλ) sin(kd + φ). (5.3)
Here Iresid = S1 − S2 + Isrc(t − r)(ηA − ηB) is the residual background and f = 2
√
rtηAηB
is a factor correcting for any inequalities in the beams. If the residual background is small
(note that in the data reduction procedures, boxcar smoothing in the temporal or frame-count
direction further suppresses residual background), the resulting intensity is
Iint = 2fIsrcV (Bλ) sin(kd + φ). (5.4)
This intensity can be compared to the source intensity (in uninterfered light) to determine the
visibility of the source. For a perfectly unresolved source, there is no loss of intensity from
interference, as the light from the two beams is perfectly correlated, and the visibility is 1 (see
next paragraph). For a source that is completely resolved on a given baseline, the light from the
two beams is completely uncorrelated and the visibility is 0. In the remainder of this chapter,
I shall frequently refer to the correlated flux, which is the intensity measured in the interfered
beams. A source’s visibility is then defined by V = Fcorr/Ftot, where Fcorr is the correlated flux
and Ftot the total photometry of the source.
An important theorem in interferometry is the van Cittert-Zernike theorem. This states that
the normalised visibility V (~u) is the normalised Fourier transform of the brightness distribution
of the source I(~s). Here ~u = ~Bproj/λ is the spatial frequency, where Bproj is the projected
baseline (the diameter of a single telescope of which the two telescopes observing could be
seen as sub-apertures) and λ is the frequency of the observation, and ~s is the unit vector
describing the pointing direction of the telescopes. It is thus relatively simple to determine the
visibility for an arbitrary source morphology and an arbitrary baseline. Examples of simple
source morphologies and their corresponding visibility functions are given below and illustrated
in Figure 5.2 (following the example of Tristram 2007).
A point source for example can be described by a Dirac δ-function
Iproj(r) = I0δ(r − r0) (5.5)
where Iproj(r) is the projected intensity along the baseline of observation and r is parallel to
that baseline (see Figure 5.2 (i)). The visibility of a point source is then given by the Fourier
transform of this function, which is a constant, and so
V (Bλ) = 1, (5.6)
where Bλ = Bproj/λ is the baseline length expressed in λ (see Figure 5.2 (ii)).
For a binary, a pair of point sources, separated by a distance d (after projection on the plane
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shown in Figure 5.2 (iii). The visibility function of the binary is given by
V (Bλ) =
√
1 + f2 + 2f cos(2πdBλ)
(1 + f)2
, (5.8)
where f = I1/I2. The visibility as a function of baseline therefore oscillates with an amplitude
dependent on f and a frequency determined by the distance of the sources, as shown in Figure
5.2 (iv).





remains a Gaussian after Fourier transformation,




The original source intensity and visibility function are shown in Figure 5.2 (v) and (vi) re-
spectively. This property of a Gaussian function, remaining a Gaussian under Fourier trans-
formation, makes this an attractive source morphology for modelling interferometric data. A
Gaussian morphology is often used to model AGN for example (Tristram 2007).
A uniform disk of diameter d appears as a semi-ellipse under projection into the plane





1 − (2r/d)2 for − d/2 < d < d/2
0 else,
(5.11)













where J1 is the Besel function of the order 1 (see Figure 5.2 (viii) for an illustration). A uniform
disk model is often used to model the visibility functions of resolved stars.
To fully reconstruct a source’s morphology, the visibility would have to be determined for
a large number of baselines. Any single observation with MIDI currently requires one hour of
telescope time: 30 minutes per source observation including pointing, acquisition, determination
of the delay line, fringe tracking, and photometry (see Section 5.4.1 for a description of the
observation steps); a standard star with known size and flux followed by the science target to
determine the calibrated visibility. Thus any single hour’s worth of telescope time (across two
telescopes) gives the visibility at only a single baseline. It is therefore usual practice to observe
only a few baselines for a single source with varying baseline length and position angle to try to
build up a picture of the overall size of a source and possible geometry (for example a different
visibility measurement on orthogonal baselines of the same length would indicate the source is
more extended in one direction than the other). Comparison with the visibility expected from
likely models for the source is then used to place limits on the source morphology. Note that
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Figure 5.2: Example visibility functions for simple sources. Shown in the left hand column are the
normalised source intensities following projection into the plane parallel with the observed baseline.
The right-hand column shows the normalised visibility function.
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the Earth’s rotation and the hour angle of the source will affect the projected baselines for any
pairing of telescopes. Thus using the same telescope pairing at different times will result in a
visibility measurement on a different (projected) baseline. For any single observation however,
the time over which the source is observed is short (only a few minutes long) and thus the
change in baseline is negligible. The baseline lengths and position angles given in this chapter
are as measured during the fringe tracking stage of the observation.
5.3 The Sources
Four sources were observed under this programme. These are: η Corvi and HD69830, both
believed to be Sun-like hosts of transient emission with previous observational results presented
in Chapter 3 (in Sections 3.5.1 and 3.5.3 respectively); HD71155 (Section 4.3.2), the A star
source believed to have a hot transient component as well as a cooler steady-state component
according to single dish imaging limits; and HD172555, a star not previously observed in this
thesis.
The first three of these sources are discussed in depth in the preceding two chapters.
HD172555 is a member of the β Pic moving group with an age estimated to be 12 Myr (Zuck-
erman et al. 2001). This star was recently observed by Chen et al. (2006) who found evidence
for the presence of small sub-micron-sized grains in the excess emission spectrum interpreted
as evidence for a recent collision which released these short-lived grains. Thus, in the context
of the steady-state or transient division adopted in this thesis, at least some of the emission
arising from this source could be transient (fIR = 51.4 × 10−5, fmax = 0.0727 × 10−5, so
fIR/fmax = 707). Alternatively, the small grains could be continuously replaced by collisions
between larger bodies as part of a collisional cascade. Another possibility given the young age
of the star is that this source is a transition object. Determination of the true dust location
will help further understanding of this object.
The characteristics of these sources and the standard stars observed in this programme as
calibrators are summarised in Table 5.1.
Note that these sources represent some of the brightest known debris disks at N. As such
these represent the best chance of determining debris disk source morphologies in the mid-
infrared on 10 mas scales with current technology. These observations thus represent a first
exploration of the possible use of MIDI as a tool to examine debris disk populations.
5.4 Observations and Data Reduction
5.4.1 Observations
The observations were performed at the VLTI in visitor mode under proposal 078.D-0808 on 5th
and 7-9th March 2007. The observations employed the use of MIDI on the UTs (8m dishes). All
observations were performed in High-sensitivity mode (HIGH-SENS - no simultaneous photo-
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Table 5.1: Characteristics of the MIDI Science and Calibration Targets.
Science targets
Source Spec. Age RA Dec Flux at 10 µm, mJy Predicted disk
HD type Gyr F⋆ Fdisk size, mas
69830 K0V 2a 08 18 23.95 −21 37 55.8 872 102 80
71155 A0V 0.17b 08 25 39.60 −03 54 23.1 968 140 16
η Corvi F2V 1.3c 12 32 04.23 −16 11 45.6 1736 371 90
172555 A5IV/V 0.012d 18 45 26.90 −64 52 16.5 721 973 201
Calibrators
Source Spectral type RA Dec F∗ at 10 µm Estimated Angular
HD mJy size, mas
61935 G9III 07 41 14.83 −09 33 04.10 9490 2.26
73840 K3III 08 40 01.47 −12 28 31.30 12312 2.62
95272 K1III 10 59 46.46 −18 17 55.56 9510 2.29
116870 K5III 13 26 43.17 −12 42 27.60 10416 2.57
107218 M4III 12 19 42.59 −19 11 55.97 7913 2.16
For science targets, disk flux and predicted size is based on SED fitting with a blackbody. For
calibration targets, the stellar angular diameter is as given by the CalVin tool available at
http://www.eso.org/instruments/midi/tools. Key: a Age from Beichman et al. (2006b); b Age
from Song et al. (2001); c Age from Geneva-Copenhagen survey (Nordstrom et al. 2004); d Age
from Zuckerman et al. (2001).
metry, the alternative is SCI-PHOT - where 70% of the signal is combined at the beam combiner
and 30% kept separate for simultaneous measurement of the photometry) with the Prism filter
(spectral resolution λ/∆λ = 30 at λ = 10.6µm). Table 5.2 outlines the observations.
For all our science objects, the observation on any baseline was preceded by an observation
of a spectro-photometric standard star as listed in the spectro-photometric catalogue available
on-line at http://www.eso.org/instruments/visir/tools.
The sequence of a MIDI observation is outlined below. This outline follows the more in-
depth description in Tristram (2007), to which the interested reader is referred for greater
detail.
• Acquisition performed in imaging mode. All observations employed a standard chop
throw of 15′′ for the acquisition and photometry. Acquisition was normally performed
using filter N8.7 (central wavelength 8.64 µm, width 1.54 µm) since although our science
targets have a bright silicate feature at the bandpass of the SiC filter (central wavelength
11.79 µm, width 2.32 µm), the infrared background in this filter is large, and so the
signal-to-noise of the acquisition is higher in N8.7. Our first standard star observation
was acquired in SiC, and this confirmed the choice of N8.7 for the other observations.
The acquisition images allow adjustment of the telescope pointing so that beams from the
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target will overlap at the beam combiner.
• Fringe searching. Following acquisition and alignment of the beams, a slit of 0.′′52 width
and the spectral dispersion element are added to the light paths. For these observations,
the spectral dispersion element is the prism filter (as mentioned above; the alternative
grism filter has spectral resolution λ/∆λ = 230 at λ = 10.6µm). The result is two
spectrally dispersed interferograms of opposite phase recorded at the detector. As the sky
background is uncorrelated, it cancels in the data reduction procedures (described below)
and so chopping is not required for the interferometric observations. The delay line is
searched for the optical path length yielding fringes, the “zero” optical path difference
(OPD). The OPD is scanned over a few mm from the expected position (determined by
empirical models) by moving the VLTI delay lines. These are internal mirrors mounted
on carriages on rails that are adjusted to balance the optical path lengths of the beams
coming from the two telescopes depending on atmosphere and sky position.
• Fringe tracking. In essence, the correlated flux has been measured in the search for
the zero OPD; however, only a few scans are performed in fringe search mode, and so
fringe tracking is performed to obtain a few hundred scans, increasing the signal-to-noise.
For the first few frames, the delay line is altered to be significantly offset from the zero
OPD (so that no interferometric signal will be recorded) to allow a determination of the
background. Subsequently, internal mirrors perform a sawtooth moving pattern around
the zero OPD to obtain a moving fringe pattern. Scanning of these mirrors allows an
ongoing determination of corrections required in the optical path due to sidereal motion
and atmospheric changes.
• Photometry. Finally, the same instrument set-up is used to observe each of the telescope
beams individually to determine the photometry for each beam path. Chopping of the
secondary mirror is used to suppress any thermal background.
It was found after observing with the first two baselines that an increased chop frequency
would increase the photometric channel’s signal-to-noise on our relatively faint targets, and
thus increase the accuracy to which we could characterise the visibility for the object. For all
observations on 8th and 9th March, a chopping frequency of 4Hz was employed. For the η Corvi
observations on 7th March, a 2Hz chopping frequency was adopted. For earlier observations
the default chop frequency of 0.5Hz was used. In addition to this increased chop, for the
science targets observed on 9th March (baseline UT2-UT3), an increased integration time before
readout of the array was used (earlier observations had a detector integration time of 0.018s,
the final night’s observations had an integration time of 0.024s). Once again, it was found that
this improved our signal-to-noise.
The resulting science dataset for a single observation of a target is 2 photometric observations
(one for each beam) and a fringe track file (containing the data from both the combined beams,
see schematic in Figure 5.1). In order to determine the final visibilities, at least two datasets
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Table 5.2: Summary of MIDI observations
Date and Configuration Baseline, m Pos. Angle ◦ E of N Seeing, ′′ Source, HD Target type
05/03/2007 98.93 40.45 0.60 61935 Cal
UT1-UT3 96.42 40.93 0.55 69830 Sci
D 102.07 38.41 0.95 95272 Cal
101.80 39.46 1.30 η Corvi Sci
102.43 38.01 1.50 116870 Cal
07/03/2007 59.54 113.38 1.15 61935 Cal
UT3-UT4 60.35 113.71 1.30 69830 Sci
A 59.84 114.29 1.25 73840 Cal
45.54 120.53 0.90 71155 Sci
57.98 105.44 0.75 116870 Cal
62.42 108.98 0.80 η Corvi Sci
62.07 112.53 0.65 107218 Cal
08/03/2007 130.21 63.09 0.90 61935 Cal
UT1-UT4 130.22 62.81 0.75 69830 Sci
C 130.08 63.27 0.75 73840 Cal
128.40 63.58 0.80 71155 Sci
116.28 64.84 0.75 61935 Cal
UT1-UT3 100.20 31.53 1.15 116870 Cal
D 102.29 38.26 1.60 η Corvi Sci
102.21 36.52 0.70 116870 Cal
92.81 0.97 2.00 172555 Sci
09/03/2007 42.72 32.48 1.50 61935 Cal
UT2-UT3 44.38 43.77 1.55 69830 Sci
B 44.20 34.29 1.20 73840 Cal
42.24 26.80 0.65 116870 Cal
46.13 39.15 0.75 η Corvi Sci
46.63 42.37 1.15 107218 Cal
Baselines and position angle (projected on the sky) are given at the time of the fringe tracking
exposure.
are needed - one from the observation of the science target and at least one from a standard
star observation.
5.4.2 Data reduction
There are several programmes available to reduce MIDI data. The primary two are the MIDI
Interactive Analysis (MIA) and the Expert Work Station (EWS), available together as part of
the MIA+EWS package available at http://www.strw.leidenuniv.nl/∼nevec/MIDI/index.html.
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I will describe briefly the data reduction methods used by these two packages. The interested
reader is referred to the manuals (available at the above weblink) and Tristram (2007) for a
more detailed explanation of the steps involved.
Both data reduction procedures begin with an initial compression of the data along the
direction perpendicular to the dispersion direction (for both the fringe track files and the pho-
tometry). An example of the coadded data images for a single photometry channel is shown in
Figure 5.3. The files are compressed along the vertical direction (the ‘pixel’ direction in Figure
5.3). In order to reduce the background and increase the signal-to-noise, the two dimensional
frames are first multiplied by a mask. In MIA, this mask is determined by fitting a Gaussian
perpendicular to the spectral dispersion direction for each spectral channel in the photometric
observations, and then fitting a second-order polynomial to the parameters of the Gaussian fits
in the spectral direction. The mask used for the interferometric frames and final photometry
is taken as the mean of the two photometric masks. Masks are determined individually for
each observation. In EWS, the default masks are predetermined fixed masks depending on the
instrument set-up (i.e. dispersion element used, SCI-PHOT or HIGH-SENS mode). These are,
in general, much broader than the masks determined by MIA. In addition, for the observations
presented here, it was found that the EWS default masks did not match the central peak of the
signal well (the beams were off-centre compared to their expected locations). An example of a
standard star photometry profile for a single spectral channel together with the two alternative
masks is shown in Figure 5.4 (note that a Gaussian fit is performed to each spectral channel
individually, whereas the EWS mask is constant for all spectral channels). As our sources are
relatively faint, I have chosen to adopt the MIA masks for both data reduction programmes
to increase the signal-to-noise. The widths determined by the Gaussian fitting procedure were
found to be the same for all standard observations and most science observations (apart from
those with poor signal-to-noise in the photometry). The widths of the masks were forced to be
the same across all observations for both standard and science targets (with the widths fixed
to match those found for all the standard observations) so that the data was extracted over the
same sized areas, but the locations were allowed to vary according to the beam location on the
array. From a mathematical standpoint, compression by the mask means taking the whole of
an output frame, Ii(x, y) where i = 1, 2 are the output beams and x respresents the pixels in the
dispersion direction, and multiplying by the mask as determined in the above steps Mi(x, y).





Ii,det(x, y)Mi(x, y), (5.13)
is that used in Equations 5.1 – 5.3.
After compression of the fringe track file, we have two oppositely phased interferograms,
consisting of the source interferometric signal (modified by factors depending on telescope and
beam-combiner transmission and the delay function - composed of the instrumental delay and
atmospheric delay) and the large background signal, which is normally greater than the source
127
CHAPTER 5. MIDI OBSERVATIONS OF HOT DUST SYSTEMS




















Figure 5.3: Left: A photometric observation of a standard target (HD61935) with signal normalised
to 1. Right: A normalised photometric observation of a science target (HD69830). Notice the large
background noise in the science observation. Accurate determination of the behaviour of the background
in the region of the source signal (the region of included in the mask - see text and Figure 5.4) is difficult.
Figure 5.4: Alternative masks for the data. The
black line shows the normalised photometric sig-
nal profile of HD61935 observed on baseline D in
one spectral channel (8.5 µm). The MIA mask
follows the profile very well. The EWS mask is
wide and could potentially include a lot of noise,
and also does not match the location of the peak
of the spectra well.
signal, and two spectrally-dispersed photometric arrays. Subtracting the two interferograms
removes a large amount of the thermal background and photometric signal as these are similar
in each interferogram, and doubles the fringe signal as these are complementary (Equation 5.4).
MIA
MIA employs so-called incoherent analysis. Here, the interferometric signal resulting from the
subtraction of the signal from the two beams (Equation 5.4) is Fourier transformed from delay
space (where changes in the fringe signal result from the sawtooth scanning of the OPD and










δ(k − k′)eiφ − δ(k + k′)e−iφ
]
.
The square of the absolute value of the Fourier transform defines the power spectrum
P (k′) = |F (k′)|2 = f(k)IsrcV (Bλ)[δ(k − k′) − δ(k + k′)]. (5.14)
The power spectrum will have two peaks at frequencies ±k′ (see Figure 5.5). Integrating the
power over the correct frequency interval (centered on these peaks and dependent on wavelength
and variation of the OPD) then gives the raw correlated flux. A noise correction, determined
from the first few frames of the fringe track exposure in which the delay lines were set to be
significantly different from the zero OPD, is also applied. The resultant correlated flux is the
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Figure 5.5: The Fourier transform of the fringe tracking frames to frequency space integrated over the
whole spectral range. Left: The spectral power of an observation of one of the standards. Right: An
observation of HD69830. The dashed vertical lines mark the frequency range where signal is expected.
The black lines show the signal for each individual frame and the blue lines are the average of all the
frames. Note that for both figures the vertical scale for noise and signal scans is the same. For the
science observations, there is a much higher level of signal in the noise scans as a fraction of the peak of
the signal scans, compared to that seen in the observation of the standard star, and some signal appears
outside the expected frequency range, both of which will add to uncertainties on the observation.
source flux modified by the visibility and a factor f correcting for any inequalities in the two
intensities,
Icorr = f(k)IsrcV (Bλ). (5.15)
EWS
EWS adopts coherent analysis. In this method, a technique called group delay analysis is first
used to align the fringes before vector averaging over time to derive the correlated flux. First,










Each frame is Fourier transformed from the frequency domain to the delay domain, resulting





Should the band be infinitely broad and the visibility constant the integral then becomes
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δ(datm − d′)eiφ − δ(datm + 2dins + d′)e−iφ
)
. (5.18)
The delay function will exhibit two peaks corresponding to the group delay. One rapidly varies
due to the changing instrumental delay. The other varies slowly and is due to changes in the
atmospheric delay. Smoothing in the time direction suppresses the instrumental delay peak.
The position of the remaining peak gives the atmospheric delay datm.











The next step is to estimate the varying index of water vapour φH2O = aλ + b and represent
the differential phase by φdiff . Then rejecting frames following jumps in the instrumental OPD
and those with overly large optical path differences and averaging coherently (making use of
the time dependency of the atmospheric delay and the instrumental delay), we can calculate












The compressed fringe tracking frames are shown after removal of the delay contributions in
Figure 5.6. Determination of fIsrc from the photometry is then the normal method of determin-
ing the visibility V (Bλ), although in this thesis I use the correlated and known photometric flux
of the standard star to determine the calibrated correlated flux, and a known spectrum of the
source with high signal-to-noise to determine the visibility (see Calibration and determination
of visibilities, below).
Photometry
The photometric data is obtained using chopping between on-source and sky fields. As the
source signal is very much lower than the atmospheric signal in the mid-infrared, the average
of the sky frames is subtracted from the average of the source frames. The result should be the
dispersed source signal with a background at around zero. In reality, for faint sources there is
often still sufficient background signal to make determination of the photometry inaccurate. An
additional estimate of the the sky signal is thus determined in narrow strips above and below the
source signal (as determined by the mask) to determine the wavelength dependent sky signal.
After application of the same mask used for the interferometric frames, the photometric frames
are then compressed to one dimension (the spectral dimension) resulting in four photometric
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Figure 5.6: The fringes after removal of the instrumental and atmospheric delays in the EWS re-
duction. Each frame is compressed perpendicular to the dispersion direction after multiplication by
the mask. Left: the compressed data for frames 2000–2200. Right: The signal for individual frames.
Averaging in time gives the final correlated flux (black line, uncalibrated at this stage).
measurements, one for each telescope beam and each side of the beam-splitter. The final
photometry is then a combination of the four signals (Iphot =
√
IA1 × IB1 +
√
IA2 × IB2).
For our sources, it was found that the photometry was highly uncertain. There were large
discrepancies in the calibrated photometry as measured on different baselines for the same
sources (see individual source discussions, Section 5.6). An examination of the photometric
frames showed a large degree of variation across the array. In particular, horizontal striping
(i.e. stripes along the dispersal direction) was seen in many observations (see Figure 5.3). As
this varied in a non-consistent way across different observations, it proved difficult to model
and remove. The effects of these patterns on the measured photometry is difficult to ascertain,
as the source signal lies on top of any such signal in the region included in the mask.
As a check that the dispersed photometry was truly liable to uncertainty due to residuals
on the array, and that the differences were not simply due to varying conditions, we used the
acquisition images to determine undispersed photometry for our observations. The acquisition
was performed using filter N8.7 which has λc = 8.64µm, ∆λ = 1.54µm. The results of the
undispersed photometry tests are listed in Table 5.3. The predicted fluxes for our science
targets are listed in the table based on the IRS measurements of the targets. Photometry
was performed using an aperture of radius 5 pixels or 0.′′42 (pixel scale is 0.′′084/pixel for the
UTs). Residual background and noise contributions on the array were determined using an
annulus of inner radius 11 pixels (0.′′924) and outer radius 13 pixels (1.′′092). Calibration error
was determined by the variation between the calibration factors found from the two standards
observed before and after the science target. The total error consists of the statistical error
found in the aperture and the calibration error on the target photometry added in quadrature.
Though with these short observations the errors can be quite high, it can be seen from the
table that these observations return photometric measurements that are always within 2 σ of
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Source Baseline Predicted flux Photometry
mJy Flux, mJy Residual noise, mJy Total error, mJy
HD69830 A 1177a 1161 167 181
B 1177 1289 64 144
C 1177 1010 58 191
D 1177 1695 111 262
η Corvi A 2513b 2488 126 301
B 2513 2324 89 249
D1 2513 3120 171 469
D2 2513 2343 65 289
HD71155 A 1398b 1591 215 277
C 1398 1405 88 267
HD172555 D 1463b 1534 60 194
Table 5.3: Photometric Results from the MIDI Acquisition Images
Predicted flux is based on the IRS spectrum. Notice our photometric results are always within 2 σ of
the expected flux. Notes: a Flux predicted from IRS spectra presented in Beichman et al. (2005a); b
Flux predicted from IRS spectra presented in Chen et al. (2006).
the IRS spectra.
Calibration and determination of visibilities
The data reduction steps outlined above were applied to the standard stars and science targets
in the same way. As mentioned in the discussion of the masks, different masks were applied to
each source according to the location of the source signal on the array. The widths of the masks
were set to be the same across all observations to allow accurate calibration. The resulting data
are a photometric and correlated flux measurement for each object.
At this point the fluxes are in ADU. To determine the calibrated flux we use the fact that
the calibrator stars have well known fluxes in the mid-infrared and no spectral features in the
8-13 µm range, and also that they are single stars (with no surrounding material) that have
an estimated diameter of around 2 mas. For the largest standard star observed on the longest
baseline (HD73840, diameter 2.62 mas, observed on a baseline of 130m) the predicted visibility
of the calibrator is 0.98 (∼ 1). This means that the correlated fluxes and photometric fluxes
should be the same (visibility = 1 to within 2%) for the standard stars.
The greatest source of error in the determination of a visibility using MIDI is the error on
the photometry. This is particularly the case for faint sources such as those observed here. In
order to obtain the most reliable estimates for the visibilities, we calibrate the correlated flux
for our science targets without reference to the photometric measurements. The correlated flux
is calibrated as
Fcorr = Icorr,sci/Icorr,std × Fstd
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where Icorr,sci and Icorr,std are the correlated fluxes in ADU of the science target and standard
star respectively, Fcorr is the calibrated correlated flux of the science target and Fstd is the
known flux of the standard star. The above equation is only valid under the assumption that
the calibrator visibility is 1. It is interesting to note that, for our science targets, very little
difference was observed between correlated fluxes on different baselines, suggesting that the
results were similar for all the baselines observed (see Section 5.5). Also interesting to note
is the good agreement between two observations of η Corvi on the same baseline on different
nights. The correlated fluxes here agreed well as one would expect, although the photometric
results were wildly different (see Figure 5.15). This highlights the dominance photometric
uncertainty can have on the errors on the final visibility.
Each of the sources observed with MIDI has previously been observed using IRS on Spitzer
(Beichman et al. 2005a; Chen et al. 2006). The resulting spectra are much more precise than
the results of the MIDI photometry, partly due to the lack of atmospheric uncertainty. As the
dispersed photometry presented here is so prone to error, the IRS photometry will be used
use to determine the visibilities of the sources. Before taking such a step, it is important to
consider the possible implications of the different beam sizes of the instruments. In the MIDI
observations a slit of 0.′′52 is placed in the beam. For Spitzer the spectra are extracted along a
slit of width 3.′′7 or 4.′′7 depending on the spectral resolution. Thus it is important to consider
what other contributions there may be in the Spitzer beam that do not fall into the MIDI
beam. Firstly, there are no companion or background sources around these objects at such a
distance (see Chapters 3 and 4; also TReCS observations of HD172555 have shown no evidence
for such a source, M. Moerchen, personal communication). For HD69830, three Neptune mass
planets lie within ∼ 1AU (. 0.′′08). Thus any flux from these planets would be included in both
beams. The principal possibility for flux falling outside the MIDI beam would be if there were
an extended dust component beyond a diameter of 0.′′52 around any of our sources. As any
dust emitting in the infrared is going to be warm, it is likely to lie in regions much closer to the
star (see predicted locations in Table 5.1). There is, however, some evidence for icy grains in
the mid-infrared spectra of HD69830 (Lisse et al. 2007). Water ice may indicate a large spatial
separation, and so these grains may lie outside the beam of MIDI. The possibility of extended
emission is discussed on a source by source basis in Section 5.5.
In the following section, I will present the results of the reduction using the EWS package
(using the masks as determined from a MIA reduction of the observations). This has the
advantage of allowing an estimation of the uncertainties on the measured fluxes from the time
variability of the signal. This is achieved by calculating the correlated and photometric fluxes
on sub-exposures of the total observation (dividing the total number of frames into 5 blocks),
using the root mean square deviation to estimate the errors. These errors can be added in
quadrature to the uncertainty introduced by calibration (determined by the variation in results
from using different standards as calibrators). In MIA, only errors from calibration are known.
In addition, the MIA programme uses dips in the fringe signal to decide to reject some frames,
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Figure 5.7: The baselines used to observe
HD69830.
on the basis that the OPD tracking may have been poor at these low fringe exposures. This
can introduce bias in the results, as only the frames with the highest measurements of fringe
signal are included in the analysis, which can lead to overestimates of the correlated flux.
The whole data reduction was also completed with MIA as a cross-check. The results were
in good agreement for all sources (to within the error estimates).
5.5 Results
We now present the results for each of the science targets in turn before discussing the implic-
ations for the locations of the debris disks in the following section.
5.5.1 HD69830
HD69830 was observed on all four baseline combinations used for this study. A sketch of the
geometry of the baselines and relative lengths is shown in Figure 5.7.
Figure 5.8 shows the detailed Spitzer IRS spectrum of HD69830 as measured by Beichman
et al. (2005a), along with a disk flux contribution determined by subtracting a Kurucz model
profile of the stellar contribution. Figure 5.9 shows the calibrated correlated and total fluxes
from the EWS reduction of the data. Errors are from calibration and variation across sub-
exposures added in quadrature as discussed above. The IRS total spectrum is also shown for
comparison.
It is immediately clear from Figure 5.9 that the photometric observations are highly un-
reliable. Recall that the total photometry has no interference, and so should be exactly the
same across all baselines once calibrated (which should remove any influence of differences in
telescope transmission and atmospheric conditions for the different nights). However, the cor-
related flux is not so different for the different baselines. Should the disk emission be completely
resolved, the correlated flux should be the stellar flux only. Figure 5.8 shows that the disk flux
is not a large fraction of the total flux (bottom left panel). Thus any variation between the
correlated flux on a baseline upon which the disk’s flux is totally resolved and one on which the
disk flux is completely unresolved would be small, therefore the small variation in correlated
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Figure 5.8: The emission spectrum of HD69830. Top Left: The total spectrum of star and disk, with
a dashed line showing the IRS spectra and a dotted line showing the fit presented in Section 3.5.3. Top
Right: The excess emission spectrum after subtraction of the stellar photosphere contribution. This
excess spectrum was shown overplotted on the stellar emission spectrum in Figure 3.12. Bottom Left:
The total emission spectrum in the spectral range of the MIDI observations. Bottom Right: The excess
emission in the spectral range of MIDI.
fluxes from different baselines need not necessarily mean that the same result (e.g. the same
level of resolution of the source) holds for all baselines. However, what is interesting is that,
following the shapes of the correlated spectra for different baselines, we see no evidence of the
bump at 10-12 µm seen in the IRS spectra, and which, as can be seen in Figure 5.8 (bottom
right plot), comes from a broad peak in the disk emission.
The significantly varying total photometry as calculated from the MIDI photometric chan-
nels means that we would be completely dominated by photometric errors if using these data
to calculate the visibilities. To avoid this issue, I have used the IRS spectrum as the total flux
to compare with the correlated fluxes derived from the MIDI data. As discussed in Section
3.5.3, there are no background or companion objects in the Spitzer aperture that would not
be included in the MIDI aperture. The three Neptune-mass planets discovered around this
system (Lovis et al. 2006) located within 1AU of the star are unlikely to be bright enough to
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Figure 5.9: The calibrated fluxes found in the MIDI observations of HD69830. Top: The correlated
fluxes. Bottom: The total fluxes. Left: Summary plot showing all baselines but no errors for clarity.
Right: The individual baselines with error bars - here the solid line shows the total flux measured
in the IRS spectra. The shaded regions represent the ozone absorption band. Notice that the total
photometry as measured by the MIDI observations should be the same across all baselines, but is in
fact significantly varying.
significantly affect the spectrum or correlated flux, with a maximum flux not likely to succeed
10−3F⋆ in the mid-infrared (Burrows et al. 2004), translating to a flux of less than 1mJy at
10µm. A full analysis of the Beichman et al. (2005a) spectrum was performed by Lisse et al.
(2007) who found evidence for water ices in the excess emission. In their fit, the bulk of the
chemical species are believed to be at a temperature of & 340K, while the water ice is predicted
to be at 220K, suggesting a much larger radial offset from the star. However, as pointed out by
the authors, the local thermal equilibrium temperature for the region of their best-fitting model
to the emission spectrum, a disk at ∼ 1AU, is only 245K, cool enough that, should the water
ice be isolated from the hotter dust particles, it could be stabilised by evaporative sublimation.
In addition, a wide Kuiper belt-like location is ruled out by the 70 µm limits on the excess.
The contribution of the water ice in the 8–13µm region of the spectrum is at the level of 1–3%
of the excess emission between 8–11 µm, rising to 27% of the excess emission at 13 µm. Thus,
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Figure 5.10: The visibility of HD69830. The measured
visibilities on all four baselines are calculated using the
IRS spectra and the measured correlated fluxes. The
prediction for what the visibility curve should look like if
the disk flux is totally resolved is also shown in black.
the potential for the water ice contribution to fall outside the MIDI beam will only have a
significant effect on the measured flux longwards of 11.5 µm.
It can also be seen from figure 5.9 that for baselines C and D in particular, the correlated
fluxes measured at 8 µm are different to those seen in the IRS spectra at the 1 σ level. Certainly
the correlated flux should at no point exceed the total flux, which represents a maximum level
that could be expected for the correlated flux in the event that the source is totally unresolved.
The predicted size of the star given a radius of 0.85 L⊙ expected for a K0V star and a parallax
distance of 12.6 pc (see Table 3.2) is 0.6 mas. The star itself is therefore expected to be totally
unresolved on the baselines observed here, which have a maximum length of 130m (see Table
5.2). Thus the correlated flux for this source at 8 µm should be exactly the total flux, as there is
no excess emission at this wavelength (within the levels to which we could detect such emission,
see Figure 5.8). Hence we can expect the visibility to be 1 at 8 µm. As can be seen from Figure
5.10 (and as would be expected from the correlated flux measurements), this is not the case for
baselines C and D. As the errors on the correlated flux are at around 10%, it is unsurprising
that we are seeing a difference in the visibility of around 0.1 at 8 µm, where we can be confident
that the true value of the visibility is well known.
With this level of error in the absolute measurements of visibility, and given the predicted
maximum loss of visibility is only to a level of 0.835 at 11 µm (see Figure 5.10), it is worth
asking if anything can be concluded from these data. The answer may lie not in the absolute
values of visibility, but in the changes seen across all baselines with increasing wavelength. To
make this change clearer, I have shown the calibrated visibilities once again in Figure 5.11,
this time scaling the visibility to a peak of 1 in the range 8–9µm. The dip in relative visibility
between 10–11.5 µm is now very obvious. To confirm the significance of this dip, the unscaled
average visibility between 8–9 µm is compared to that between 10–11.5µm (around the lowest
predicted visibility) in Table 5.4. Errors are taken from the errors on the correlated flux across
these wavelength ranges added in quadrature and propagated to give an error on the ratio.
The dip is significant on all baselines except D. The large errors on the correlated flux at
short wavelengths for this observation (see Figure 5.9, top right) are likely to be the reason for
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Figure 5.11: The visibility of HD69830 scaled to an
average of 1 between 8–9 µm (see Figure 5.10 for the un-
scaled visibilities). Notice the shape across all baselines
is similar to the predicted visibility, calculated assuming
the disk flux is totally resolved out (visibility = 0).
Baseline Visibility
name 8–9µm 10–11.5µm Ratio Error on ratio
A 0.96 ± 0.006 0.89 ± 0.005 0.93 0.01
B 1.02 ± 0.03 0.93 ± 0.02 0.91 0.03
C 1.15 ± 0.04 1.05 ± 0.02 0.91 0.03
D 0.86 ± 0.03 0.82 ± 0.01 0.95 0.03
Predicted 0.99 0.86 0.87
Table 5.4: Measuring the significance of the dip in visibility of HD69830 at 10–11.5 µm. The minimum
predicted visibility arises from assuming that all the excess emission is resolved out. The true visibility
must therefore lie somewhere between 1 and this minimum predicted value.
this, rather than it being a true reflection of a more uniform visibility across the wavelength
range. This interpretation is bolstered by the significant dip seen on baseline B, which is at
the same position angle as run D, but of a shorter length (see Table 5.2). It is unlikely that a
system would appear less resolved on a larger baseline (although this will depend on the source
geometry, see Section 5.6.1).
Another characteristic of the visibility plots is the rise in calibrated visibility beyond ∼
11.5µm. Although a rise is expected as the excess emission falls back down to low levels (see
Figures 5.8 and 5.10), for all our baselines the visibility rises to greater than 1. Visibility should
never rise above 1. The reason for these measurements may be seen in the noise scans of the
OPD. Recall that at the start of the fringe tracking observing step, the delay lines are set to
be greatly offset from the zero OPD point to determine the noise levels (the large offset from
zero OPD means that there should be no fringes and thus no signal in the fringes scans of
these frames). Examining these frames, we can see that the noise scans include measurable flux
at longer wavelengths (see Figure 5.12). This suggests that the noise estimates derived from
individual reduction of the sub-exposures is perhaps underestimated at the longer wavelengths
(notice similar levels of noise across the wavelength range in the correlated flux plots, Figure
5.9). With this remaining noise issue, we should not place too much trust in the measurements
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Figure 5.12: The signal
(left) and noise (right) scans
for the baseline C observa-
tion of HD69830 split into
spectral bins (compare with
the white noise plots, Fig-
ure 5.5). The x-axis is lin-
ear in spatial frequency (0-
40). The y-axis is spectral
power, with a range of 107−
2×108 on all plots. The ver-
tical lines indicate the fre-
quencies at which signal is
expected (see Section 5.4,
MIA description). There
should be no signal in the
noise scans; however, long-
wards of ∼ 11.5 µm, there
is detectable signal in the
noise scans. The EWS error
calculation may have under-
estimated the noise in this
wavelength range. Similar
noise patterns are seen on
the other observations.
from 11.5–13 µm.
Although there are still many unresolved issues in this data set, the characteristic dip in
visibility seen across all baselines, regardless of length and position angle, suggests we have
indeed resolved the disk of HD69830. Tentative implications of these results are discussed in
Section 5.6.3.
5.5.2 η Corvi
η Corvi was observed on baselines A and B, and twice on baseline D. The second observation
on baseline D was carried out with an increased chop frequency and integration time which led
to greatly improved photometric observations. A sketch of the baseline geometry is shown in
Figure 5.13.
The calibrated correlated fluxes and total photometry measurements for all baselines are
shown in Figure 5.15. Errors include calibration error and variation across sub-exposures added
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Figure 5.13: The baselines used to observe
η Corvi.
in quadrature. Overplotted on these figures is the total IRS photometry presented in Chen et al.
(2006). This spectrum is shown in more detail in Figure 5.14, along with the excess emission
determined by subtraction of a Kurucz model profile of the stellar contribution.
Once again, the calibrated total photometry should be the same across all the baselines, but
it is not. The degree of variation is less than that seen for HD69830, as the higher flux levels
are less prone to photometric uncertainty (less adversely affected by the residual background
emission). However, the variation is once again at a high enough level to potentially dominate
the signal, particularly at longer wavelengths, and when one considers the photometry results
from baseline D1. The correlated flux measurements show marked similarities. Not only are
all the baselines similar in terms of absolute flux levels, but all show a spectra consistent with
a stellar photosphere in the Rayleigh-Jeans end of the spectrum. There is no evidence of the
excess bump peaking at around 11.5 µm seen in the IRS spectra and interpreted by Chen et al.
(2006) as resulting from a population of amorphous olivine. Once again, the correlated flux is
seen to occasionally exceed the total IRS photometry, but never by more than 10%, consistent
with the levels of uncertainty seen in the correlated fluxes (typically around 6%).
It would be preferable to apply the IRS spectra, having much reduced errors, to the cor-
related flux measurements from MIDI to determine the visibilities. High resolution imaging
presented in Chapter 3 shows no evidence for background or companion objects that could
have fallen in the IRS beam. In addition, the temperature of the dust, predicted by the SED
fitting presented in this thesis to be at around 320K, suggests a small radial offset from the star,
making it unlikely that the excess emission could have fallen outside the MIDI beam but inside
the IRS beam. However, as discussed in Section 3.5.1, Chen et al. (2006) fitted this spectrum
with two dust temperatures, at 360K and 120K. The predicted offset of the cooler component
means that it could lie outside the MIDI beam of 0.′′52 (see Table 3.5). However, the results of
the extension testing suggest that this alternative model for the emission is unlikely, and that
fitting the excess emission with a single mid-infrared component together with the known cool
disk at 40K allows us to place a limit of < 0.′′164 on the radius of the disk. In any case, the
Chen et al. (2006) fit shows the emission from 8–13µm is dominated by amorphous olivines,
which the authors state should be at a temperature of 360K. Thus, either of the models for
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Figure 5.14: The emission spectrum for η Corvi. Top Left: The total spectrum of star and disk,
with the IRS photometry shown as a dashed line. Top Right: The excess emission spectrum after
subtraction of the stellar photosphere contribution. This excess spectrum was shown overplotted on
the stellar emission spectrum in Figure 3.9, from which we take the two-disk fit (shown as dotted line
on the total spectrum plot). Bottom Left: The total emission spectrum in the limited spectral range
of MIDI. Bottom Right: The excess emission in the spectral range covered by MIDI.
this system’s excess emission suggest that the 8–13 µm region should be dominated by close-in
grains. Therefore we continue by assuming that the IRS spectra can be applied to these results.
The calibrated visibility determined using the IRS total photometry for all baselines is shown
in Figure 5.16, together with the predicted visibility should the excess emission be completely
resolved out. The variation between the measurements on the different baselines may not be
indicative of different results from these different measurements, but could be simply due to
the uncertainties on the correlated flux. This is perhaps best illustrated by comparison of the
two observations taken on baseline D on different nights, which should be the same. What is
particularly interesting is the similarity of the slope in the visibility for all baselines from a
peak at the shortest wavelengths to a minimum at ∼ 11.6µm. This is exactly what is expected
from the resolved disk prediction. Table 5.5 lists the average visibilities in the two regions we
believe are less prone to uncertainty: 8–9 µm and 10–11.5 µm (9–10 µm excluded because of
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Figure 5.15: The calibrated fluxes found in the MIDI observations of η Corvi. Top: The correlated
fluxes. Bottom: The total fluxes. Left: Summary plot showing all baselines but no errors for clarity.
Right: The individual baselines with error bars - here the solid line shows the total flux measured
in the IRS spectra. The shaded regions represent the ozone absorption band. Notice that the total
photometry as measured by the MIDI observations should be the same across all baselines, but is in
fact quite variable.
Figure 5.16: The measured visibilities of η Corvi on
all four baselines calculated using the IRS spectra. Note
that the wavelength range in the grey shaded region is
prone to large atmospheric absorption. Overplotted in
black is the prediction for what the visibility curve should




name 8–9µm 10–11.5µm Ratio Error on ratio
A 1.04 ± 0.03 0.898 ± 0.01 0.86 0.03
B 0.924 ± 0.005 0.826 ± 0.004 0.89 0.01
D1 0.872 ± 0.006 0.755 ± 0.005 0.87 0.01
D2 0.960 ± 0.012 0.820 ± 0.003 0.85 0.01
Min. predicted 0.916 0.781 0.85
Table 5.5: Measuring the significance of the dip in visibility of η Corvi at 10–11.5 µm. The minimum
predicted visibility arises from assuming that all the excess emission is resolved out. The true visibility
must therefore lie somewhere between 1 and this minimum predicted value.
Figure 5.17: The baselines used to observe
HD71155.
ozone absorption, > 11.5µm excluded because of noise inclusion; see discussion of HD69830 in
Section 5.5.1).
As is clear from Table 5.5, the difference seen in the measured visibilities at shorter
wavelengths and midway through the MIDI range (10–11.5 µm) is significant. Not only this,
but the size of the change is similar in all cases to that predicted for the case of completely
resolved excess emission. Although the levels of absolute calibrated flux and thus visibility are
not constrained to better than 10%, this dip and its appearance at a significant level across all
baselines is very suggestive of a resolved disk. The constraints we can place on the morphology
of this source based on these preliminary conclusions are discussed in Section 5.6.
5.5.3 HD71155
This source was observed on baselines A and C as is shown in Figure 5.17.
The total spectrum of this source is shown in Figure 5.18. It is clear from the plot of excess
emission only that no strong spectral features are expected in either the total or correlated
flux for this object. The excess emission spectra is fairly flat in the 8–13µm range, and we
should not expect to see any strong features in the correlated flux plot regardless of the level of
resolution achieved in the observations (under the assumption that the excess emission across
the entire spectral region covered by MIDI arises from the same location).
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Figure 5.18: The emission spectrum of HD71155. Top Left: The total spectrum of star and disk,
with a dashed line showing the IRS spectra and a dotted line showing the fit given in Section 4.3.2.
Top Right: The excess emission spectrum after subtraction of the stellar photosphere contribution.
This excess spectrum was shown overplotted on the stellar emission spectrum in Figure 4.7. Bottom
Left: The total emission spectrum in the spectral range of the MIDI observations. Bottom Right: The
excess emission in the spectral range of MIDI.
The correlated and total fluxes determined for these observations are shown in Figure 5.19.
Although the total flux found for baseline C is compatible with the total photometry expected
for this source (albeit with quite large uncertainties), the flux for baseline A is far lower than
expected across all wavelengths and even falls below zero longwards of 11 µm. This certainly
must be seen as indicative of a great deal of residual noise on the array, as further evidenced by
the size of the errors given for this baseline’s photometry. It would therefore be highly unwise
to trust this photometry. The correlated fluxes are quite similar, and also quite similar to the
expected total flux as predicted by the IRS photometry.
Once again the implications of applying the IRS spectra must be carefully considered before
calculating the visibilities of the two baselines. As discussed in Section 4.3, there is no evidence
for nearby companions or background objects that could be contributing to the IRS spectra.
The excess emission itself was fit by Chen et al. (2006) using a single blackbody component at
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Figure 5.19: The calibrated fluxes found in the MIDI observations of HD71155. Top: The correlated
fluxes. Bottom: The total fluxes. Left: Summary plot showing all baselines but no errors for clarity.
Right: The individual baselines with error bars - here the solid line shows the total flux measured
in the IRS spectra. The shaded regions represent the ozone absorption band. Notice that the total
photometry as measured by the MIDI observations should be the same across all baselines, but is in
fact quite variable.
120K (at a radius of 0.′′9 from the star). The unresolved 8m imaging (observed with MICHELLE
on Gemini North and VISIR on the VLTI) was able to rule out such a fit, and an alternative
model with two blackbody components at 0.′′016 and 1.′′6 was favoured (see Section 4.3). The
hotter of these two components will certainly not fall outside of the MIDI beam. The cooler
component would be expected to, but the flux from this larger disk is very low in the range
8–13 µm, peaking at a flux of 1.5 mJy at 13µm. Thus we continue by assuming that the IRS
photometry can be applied to these results.
The resulting calibrated visibilities are shown in Figure 5.20, together with the predicted
visibility for completely resolved excess emission. The expected loss of visibility in the case
of completely resolved emission is only at the 10% level (down to a minimum of 0.83 from a
maximum of 0.9 across this wavelength range). The longest baseline observed has a near unity
visibility across the whole wavelength range. Using the fact that the visibility is flat across the
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Figure 5.20: The visibilities of HD71155 on both
baselines calculated using the MIDI correlated fluxes and
the IRS spectra. Note that the wavelength range between
the two vertical lines is prone to large atmospheric ab-
sorption. Overplotted in black is the prediction for what
the visibility curve should look like if the disk flux is
totally resolved.
wavelength range (and recalling that this flatness would be expected regardless of the level of
excess resolution assuming the excess emission across this wavelength range is resolved to the
same level), we can consider the visibility measurement as a total average single data point for
the spectral range. Baseline C then has a visibility of 1.06 ± 0.1, and thus we can say that there
is no evidence for a resolved disk in this case. The shorter baseline has a similarly flat visibility,
and an average visibility across the wavelength range of 0.91 ± 0.14. It need not be indicative
of poor data that the longer baseline observation has a higher visibility, as an edge-on disk or
any non-axisymmetric morphology could produce different visibilities on these quasi-orthogonal
baselines. There is no evidence for any resolved component at the 3 σ level. Given the lack of
strong spectral features in the excess emission spectrum for this object, we would require much
more accurate visibility measurements to place limits on the disk location with interferometry.
5.5.4 HD172555
HD172555 was observed on baseline D only. The baseline was of length 92.81m and at position
angle 0.97◦ East of North (see Table 5.2).
The SED profile of this source and its excess emission is shown in Figure 5.21. The spectrum
shows a large excess in the MIDI spectral range, peaking at ∼ 9.2µm. The excess emission is
predicted to dominate the total flux at this wavelength, and so we might expect evidence of
this feature in the correlated flux plot should the excess emission be unresolved.
The correlated and total flux found from this observation are shown in Figure 5.22. The
total photometry is varying greatly across the wavelength range and between sub-exposures
(see Figure 5.21 bottom right) and thus is highly uncertain. The correlated flux is low, but
apparently quite stable across the different sub-exposures. At 8–9 µm, the errors may be an
underestimate, as the noise frames show evidence for residual emission at this wavelength range.
Notice that the correlated flux spectrum is generally very flat, and certainly much lower than
the flux one would expect to see from the IRS spectra.
The IRS spectra itself is dominated in the wavelength range 8–13 µm by a broad peak of
amorphous carbon and silicate emission, itself a composite of amorphous olivine and pyroxene.
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Figure 5.21: The emission spectrum for HD172555. Top Left: The total spectrum of star and disk,
with a dashed line showing the IRS spectra and a dotted line showing the a blackbody fit at 200K. Top
Right: The excess emission spectrum after subtraction of the stellar photosphere contribution. Bottom
Left: The total emission spectrum in the spectral range of the MIDI observations. Bottom Right: The
excess emission in the spectral range of MIDI.
These grains are expected to lie close to the star at a temperature of 520K, and thus it is
not expected that the disk emission would fall outside of the MIDI slit of 0.′′52 (the predicted
location of blackbody dust at this temperature would be 0.′′03). In addition, recent TReCS
observations of this source have shown no evidence for any companion or background source
that is likely to have fallen within the IRS beam (M. Moerchen, personal communication). Thus
we continue by assuming that the IRS spectra can be applied to the results of this observation.
The final calibrated visibility is shown in Figure 5.23, along with the predicted visibility for a
totally resolved disk. The visibility at 8µm is much lower than predicted. If this result were real,
two possibilities present themselves. Firstly, the stellar contribution to the emission spectrum
could have been miscalculated. The model Kurucz profile is suitable for a main-sequence A5
star. The spectral type of this star is actually A5 IV-V, suggesting it could be in a sub-giant
phase. Fitting a Kurucz profile to its K-band 2MASS flux gives a luminosity distance of 35pc,
similar to the parallax distance of 29 ± 2 pc. Thus, the profile fit to the emission seems to be
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Figure 5.22: The calibrated fluxes found in the MIDI observations of HD172555. Top: The correlated
flux. Bottom: The total flux. Left: Summary plot showing all baselines but no errors for clarity. Right:
The individual baselines with error bars - here the solid line shows the total flux measured in the IRS
spectra. The shaded regions represent the ozone absorption band. Notice that the total photometry is
varying quite dramatically with wavelength.
consistent with the data on this object. Comparing the excess emission determined by our fit to
the stellar flux with that of Chen et al. (2006) suggests that these authors found a similar fit to
the stellar spectral flux. Uncertainty in the K-band 2MASS measurement cannot explain such
a large deviation. An alternative possibility is that the star has been partially resolved on this
baseline. This explanation is unlikely, as the predicted size of this star is 0.54 mas. Assuming
a simple circular disk for the stellar emission would mean that the star would have to have a
radius of 23 mas to have a visibility of zero at 8.5 µm on a baseline of length 92.81m. Assuming
the ratio of stellar to excess flux is correct, and making the further assumption that the disk flux
as shown in Figure 5.21 is completely resolved, the loss in visibility on the stellar flux required
to have a total visibility of 0.5 at 8.5 µm would be 26% (or a visibility on the stellar component
of 0.74). This would require a disk of radius 9 mas. At a distance of 29pc, this translates to a
stellar radius of 55R⊙. Even if this star were in the giant phase, given an A5 spectral type it
would not be expected to exceed a radius of 5R⊙ (Cox 2000). Thus the star is highly unlikely
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Figure 5.23: The visibility of HD172555 calculated from
the observed correlated flux and the IRS spectra. Note
that the wavelength range between the two vertical lines
is prone to large atmospheric absorption. The prediction
for what the visibility curve should look like if the disk
flux is totally resolved is shown in black.
to have been resolved unless it has previously been grossly misclassified. A further possibility
would be that the star is in fact a binary. The visibility of a binary source oscillates with a
spatial frequency determined by the distance between the two components and an amplitude
determined by the ratio of the source intensities (as shown in Figure 5.2 (iv)). With only a
single visibility function, we could not constrain the parameters of a binary source morphology
with this data. It would certainly be possible to model the dip in visibility at 8 µm using a
binary source. However, no evidence for binarity of this source has yet been seen (Kharchenko
2001). The most likely source of the loss of correlated flux is the rapid change in seeing during
the course of this observation. Seeing levels during the preceding observation of the standard
star were ∼ 0.′′7. During the course of the observation of HD172555, it rose to 2.′′0 (see Table
5.2). Poor seeing of this kind causes losses of visibility particularly at the shorter wavelength
of the MIDI range (Haniff 1987), and this could be affecting the results at 8 µm. Correcting
for the change in seeing would require multiplying the visibility of the science observation by
a wavelength-dependent slope. Correcting for this issue will be one improvement made in the
next stage of the analysis of this data. Further discussion of this source and an exploration of
what the low visibility may mean for the source morphology is in Section 5.6.
5.6 Modelling the visibilities
With the exception of HD172555, all of these sources are expected to show only small deviations
from unit visibility even in the case that the excess emission is completely resolved. Combining
this fact with the high levels of uncertainty on the measurements, any attempt to model the
visibilities in great detail with a complex source morphology is unwarranted.
With this in mind, I have considered only three different possibilities for the disk component;
a face-on ring; and edge-on ring oriented along the baseline of the observation, and an edge-on
ring oriented perpendicularly to the baseline of the observation. The disk is assumed to be
symmetric and centred on the star. Within these basic three models, I have tested narrow
rings (width dr/r = 0.2) with different disk radii, parameterised by r following the extension
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modelling work presented in Chapter 3, with r one of 5, 10, 25, 50 and 100 mas. Though
there are many source morphologies even within this simple framework not considered here
(i.e. different inclinations to the line of sight, different orientations relative to the baseline
observed, different disk widths), these models illustrate the type of limits that can be placed
on the sources from the current data, and thus the potential use of future MIDI observations
to debris disk studies.
5.6.1 Calculating model visibilities
The sources observed here are expected to have a two-component morphology - a star plus a
disk. The total visibility of a two-component source is given by
Vtot = αV1 + βV2 (5.20)
where V1, V2 are the normalised visibilities of each component individually (in this case V1 = V⋆,
V2 = Vdisk), and α and β are the relative contributions of the two components to the total flux
so that α + β = 1.
For all sources, I shall assume that the stellar contribution is point-like, and thus has a
visibility of 1. The predicted sizes of the sources are a maximum of 0.73 mas (for η Corvi:
expected radius for an F2 main-sequence star 1.42R⊙; at a distance of 18.2pc). The relative
contributions of the star and disk to the total flux are calculated from the IRS photometry
and by using a Kurucz model profile of the correct spectral type scaled to the 2MASS K-band
flux of the star to determine the stellar contribution. The errors on the value of α and β
(δα and δβ , which are equal) thus come from two sources: errors in the IRS photometry; and
uncertainty in the stellar contribution. This second contribution to the errors was calculated
by determining the difference in the stellar flux at the considered wavelength (11 µm, see next
section) by scaling to the 2MASS K-band flux ± the error on this measurement listed in the
2MASS catalogue. The two sources of error were added in quadrature to give a total error on
α (δα). As δα = δβ , and the model visibilities (V1 and V2) themselves are considered to be







In order to calculate Vdisk, I used the Interferometric Visibility Calculator available at
http://www.mporzio.astro.it/%7Elicausi/IVC/. This tool computes the Fourier Transform of a
2D user supplied image from which the visibility of any user supplied source can be calculated.
The tool allows the user to set the wavelength of the model and the instrument set-up (for
example: field-of-view; use of UTs or ATs; position angle of baselines) and further allows them
to extract the source visibility at any required baseline length. I used this tool to calculate
the visibilities of each of my disk models at each of the observed baselines, from which a total
predicted visibility could be calculated according to Equation 5.20 for the appropriate values
of α and β to compare with observed visibilities for each source.
Figure 5.24 shows how the visibilities of different ring models change with baseline. As the
baseline length is increased, a source generally becomes more resolved. As the visibility of a
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Figure 5.24: Examples of the model visibilities
for ring-like disks with varying radius, width, in-
clinations, and orientation relative to the baseline.
The visibilities for each baseline taken from mod-
els such as these are combined with the star’s pre-
dicted visibility (1) according to Equation 5.20 to
determine the final model visibility.
ring-like source shows oscillations around this generally decreasing pattern we cannot always
make the assumption that a source should have a lower visibility on a longer baseline. In the
case of an edge-on disk perpendicular to the baseline, the disk viewed along the baseline appears
very narrow, and so the visibility is correspondingly high even on long baselines. For an edge-on
disk lying along the direction of the baseline, the disk morphology viewed along the baseline
is similar to a face-on disk, as the emission is dominated by the two lobes of peak brightness
at either end of the ring. The flux along the length of the disk will be minimal in comparison,
hence the similarity between the visibility functions for the face-on and edge-on and parallel
disk models. Also shown are the effects of having broader rings and an increased disk radius.
5.6.2 Observed visibilities and errors
The calibrated visibilities obtained in the observations presented here are spectrally dispersed
between 8 and 13 µm. It is therefore possible to calculate the predicted visibilities across the
spectral region for each baseline and model combination and compare with the full spectrally
dispersed visibility measurement to determine how accurately the model fits the observation.
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However, I have decided to concentrate my model comparisons on the spectral region around
11 µm. My reasons for this are: the region beyond ∼ 11.5µm is known to be uncertain due to
residual flux in the noise scans (see Figure 5.12); the region between 9.2–10 µm is dominated
by atmospheric absorption; the region between 8–9 µm is, for most of our sources, predicted to
be dominated by the stellar contribution, and thus deviations from a visibility of 1 are expected
to be small here. For HD71155 and HD172555, the expected visibilities plateau in the region
10–12µm, and so any wavelength in this spectral range could be used. For HD69830 and η
Corvi, the contribution from the excess emission as a fraction of the total flux peaks at around
11 µm. In order, therefore, to maximise the potential visibility difference in the models and in
the observations, the wavelength of 11 µm was chosen.
For each baseline, the observed visibility at 11 µm was calculated by averaging over the 3
spectral bins centered on this wavelength. The errors on the measured visibility were taken
from calibration uncertainties and errors as determined by the EWS reduction over the 5 sub-
exposures added in quadrature. In order to determine the significance of the difference between
an observed visibility and one calculated from the models, the additional error from the uncer-
tainty in the relative contributions to the total flux (see Section 5.6.1) was added to the error
from observation in quadrature to determine the final error.
The results of some observations of HD69830 and η Corvi showed evidence for consistent
over- or underestimation of the visibilities across the whole spectral range. For HD69830, it is
known that the visibility should be ∼ 1 from 8–9 µm. For η Corvi, the visibility at 8 µm should
be a maximum of 1 and a minimum of 0.916 (when the excess emission is completely resolved).
The observations on baselines A and D1 deviate from these limits. For these observations I
have also tested comparisons with the scaled visibilities. For HD69830 this involves scaling the
visibility so that it is an average of 1 between 8-9 µm. For η Corvi I have scaled the visibilities
to 1 and 0.916 at 8µm, and taken the average of these results. The standard deviation of
the two is added to the error term. For the observational error term, we take the errors over
each spectral channel used to calculate the 11 µm or shorter wavelength visibilities added in
quadrature, and use error propagation to convert this into an error on the scaled visibility. The
total errors then include this term, the standard deviation between the two scalings for η Corvi,
and the error on the estimation of the photospheric contribution.
The observed and scaled visibilities and total errors are listed in Table 5.6. It is worth
noting that EWS errors may represent an underestimate of the true errors of any observation,
as systematic errors are not taken into account.
5.6.3 HD69830
At 11 µm, the relative contributions of the star and disk are expected to be 0.828 and 0.172
respectively. The observed (unscaled) visibilities differ from unity by at most 2.16σ (for baseline
A, see Table 5.6). Similarly, the minimum expected visibility at 11µm is 0.828 when Vdisk =
0, which is at most ruled out at the 2.4 σ level (baseline B). For the scaled visibilities, the
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Source HD69830 η Corvi HD71155 HD172555
Baseline A B C D A B D1 D2 A C D
Visibility 0.897 0.933 1.029 0.805 0.882 0.827 0.742 0.812 0.924 1.060 0.401
Tot. Error 0.05 0.04 0.12 0.09 0.08 0.05 0.08 0.03 0.06 0.21 0.05
Scaled vis. 0.892 0.923 0.899 0.908 0.812 0.824 0.807 0.795
Tot. Error 0.03 0.04 0.04 0.04 0.05 0.04 0.04 0.04
Table 5.6: The observed calibrated visibilities for all observations at 11 µm. The errors include
observation error (calibration and variation in sub-exposures) and uncertainty from the ratio of disk
flux to total flux to allow a determination of the significance of disagreements between the observed
visibilities and those predicted for different models. The scaled visibilities for HD69830 are the 11 µm
visibilities scaled so that the mean visibility from 8–9µm is 1. For η Corvi, the scaled visibilities are
the average of the visibility scaled to 1 at 8 µ and 9.16 at 8µm (taking the upper and lower limits of
the true visibility). See text for further details.
significance of the deviation from unity visibility is higher, but as we must add the errors
from the determination of the photospheric contribution to our error calculations, the only 3
σ deviation from 1 is seen on baseline A. Thus, we may expect that even in the most extreme
case, alternative models for the disk morphology may be only weakly ruled out.
Figure 5.25 shows the significance of any difference between the predicted visibility for the
models on each baseline and the observed visibility. The differences are scaled by the error to
be in units of significance, and so any disk model with a value in the plots >1 is ruled out at
the 1σ level for example. As expected, none of the models tested are ruled out at the 3 σ level
by comparison to individual baselines.
The differences between the model comparisons for the scaled and unscaled visibility meas-
urements are for the most part seen only in changes in significance. Only baseline C also
exhibits a large change. This is to be expected as this baseline in particular shows evidence
for systematic overestimation of the visibility across the spectral range (see Figure 5.10). In
general, the model comparisons show that for all four of the visibility measurements, a disk
with radius 10–25 mas is favoured if the disk geometry is face-on or edge-on and parallel to
the baselines, and a larger disk (r = 100 mas) generally favoured if the disk is edge-on and
perpendicular to the observed baseline. Of course, a disk cannot be simultaneously parallel or
perpendicular to all 4 baselines, as baseline A in particular is at a very different position angle
to the others (see Figure 5.7 and Table 5.2). Also, the disk models used have a small disk
height. Should the disk have a greater height, for example as a result of gravitational stirring
of the disk by the planets, the visibility would be lower and the fits to the data correspondingly
improved.
Of course, the point of observing several baselines for the same object is to use all of them
together to place limits on the geometry of the source. For this, a reduced χ2-test can be used
to determine the goodness-of-fit of each of the tested models to all four baseline results. In this
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Figure 5.25: The significance of differences between the observed visibilities for HD69830 and the
visibilities for the models tested on each baseline. For each baseline, the models are split into face-on
(left), edge-on oriented along the baseline (centre), and edge-on perpendicular to the baseline (right).
Top: The absolute difference of the observed visibility measurements and the predicted model visibilities
in units of significance. Bottom: The difference between the predicted visibilities and the observed
visibilities after scaling (see Section 5.6.2). No models are ruled out at a 3σ level.
case I will try face-on rings, an edge-on disk lying at 50◦ E of N (almost parallel to baselines B,
C and D) and one at 110◦ (parallel to A and almost perpendicular to the others). The resulting
values of the reduced χ2 statistic are shown in Figure 5.26.
For the face-on disks case (which gives the best fitting model overall) I show the 1 σ con-
fidence level. For a one-parameter fit, this is defined as where χ2 < min(χ2) + ∆χ2, with ∆χ2
defining the 68% confidence limit (see Section 2.3.3). Note that min(χ2) is dependent on the
geometry of the source, and so these lines are shown to simply indicate the size of the confidence
region in terms of the value of χ2. In fact, for edge-on disks at a position angle of 50◦ E of N,
none of the tested disk models falls outside this confidence region, but all values of χ2 are high,
suggesting such a geometry is a poor fit to the data regardless of disk size. For edge-on disks
lying at a position angle of 110◦ E of N, only large disks (r ∼ 100 mas) fall in this region. For a
face-on geometry, disks of a relatively small radius, 5 < r < 50 mas, are favoured. (This is also
the favoured radius if the disk is edge-on and lies at a position angle of 50◦ E of N, although
the fit is considerably worse.)
The limits from the alternative disk geometries may at first glance appear contradictory, as
for the face-on geometry a smaller disk size is favoured, and for an edge-on disk at a position
angle of ∼ 110◦ E of N a much larger disk is favoured. However, one must bear in mind that the
key to understanding these constraints is considering the size of the source along the baseline
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Face-on disk Edge-on disk, PA 50◦ Edge-on disk, PA 110◦
Figure 5.26: The results of applying a reduced χ2-test to all the MIDI observations of HD69830
simultaneously for each model. Top : The original visibility measurements. Bottom: The visibility
measurements scaled to 1 at 8–9 µm. A χ2 value of 1 represents a good fit to the data. Higher values
show an increasingly poor fit to the data.
of the observation. As a first approximation, larger sources appear more resolved than smaller
sources on any particular baseline, and a source of a particular size will appear more resolved
on longer baselines than shorter baselines (with caveats relating to oscillations in the visibility
function for sources more complex than a Gaussian function; see Section 5.6.1 and Figures 5.2
and 5.24). The limits from the current data suggest that the source cannot be very small on
baseline A in particular (most significant deviation from a visibility of 1), hence the poor fit of
disks lying perpendicular to this baseline. For disks lying edge-on at a position angle of 110◦, a
large disk radius is required due to the small disk height of the models used - only disks with a
large radius cause visibility losses comparable to those caused by face-on disks with radii r ∼ 10
mas.
A location of r ∈ (5, 50) mas is in good agreement with a predicted disk location of 26 mas.
The limit of the disk radius being larger than 5 mas is consistent with the fits for all geometries
considered. A disk radius of < 50 mas would place the disk very close to the star (<0.63AU)
and thus would fit with the transient interpretation for this object, as a disk at such a small
radial location emitting at the measured level of fractional excess cannot be explain within the
context of a steady state belt (see Chapters 2 and 3). However, this location would suggest a
dust belt coincident with the location of the planets. Such a location would be highly unstable
and any dust lying here would be removed through interaction with the planets very quickly
(Lovis et al. 2006). Such a location is also in disagreement with the detailed modelling of the
spectrum by Lisse et al. (2002), which puts the disk at a radius of ∼ 1 AU. Assuming this
modelling is correct, a face-on disk is ruled out at the 1 σ level by comparison to our observed
visibilities, and a disk with a more edge-on orientation favoured (with an on-sky PA of 110◦
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favoured over one lying at 50◦, but not unambiguously if one considers the assumed small
disk heights used in the modelling). A radius of ∼ 1 AU is still consistent with the transient
interpretation of the disk emission however, as this would imply that fIR = 1667 × fmax (see
Table 3.5 and Chapter 2). Of course, I have also assumed that the dust distribution in the
disk is smooth. The disk may well be clumpy due to the presence of the Neptune mass planets
which could trap dust grains in resonant locations (see Section 1.3), and any clumps will add
to the complexity of the visibility function of the source. The location of such clumps would
be expected to change with time as they orbit the star (following the orbit of the planet that
they are in resonance with, see Equation 1.18). The visibility function would then be expected
to show temporal evolution.
More interferometric observations with shorter baselines at a similar position angle to
baseline A would be the best way to further constrain the geometry of this source. Shorter
baselines at any position angle would be generally useful to determine at what baseline length
the source visibility becomes significantly different from unity visibility (although the sensit-
ivities of the MIDI instrument require the use of the unit telescopes to observe this source,
preventing observations on very small baselines). In addition, single filled aperture 8m tele-
scope observations will allow a constraint to be put on the outer limits of the disk (coupling
our results with the modelling of Lisse et al. 2002 to rule out the face-on disk geometry). Such
an outer limit will allow a more unambiguous determination of the steady-state or transient
nature of the excess emission of this source.
5.6.4 η Corvi
At 11 µm, the relative contributions of the star and disk are expected to be 0.785 and 0.215
respectively. The observed unscaled visibilities are significantly different from unity on baselines
B, and D2, and different at levels of 2.35 σ for baseline A and 2.3 σ for D1. These results suggest
the excess emission must be somewhat resolved. All the scaled results are compatible with a
completely resolved excess at the 1 σ level, and incompatible with a visibility of 1 at a minimum
significance of 3 σ.
Figure 5.27 shows the significance of differences between the predicted visibilities of the
different models and the observed visibilities for each baseline. Again, the vertical scale is in
units of significance.
The individual comparisons of the models to the measured visibility on each baseline in turn
shows that, before scaling the results of baselines A and D1, these results were quite different
to those seen for baselines B and D2. The full visibility plots for baselines A and D1 shown in
Figure 5.16 show respectively systematic over- and underestimation of the visibility. This can
be seen through comparison to the maximum (V = 1) and minimum (shown as a black line in
Figure 5.16) visibilities. Therefore, I shall concentrate my analysis on the scaled results. In this
case all baselines favour an intermediate disk size (r ∼ 50 mas) if the disk is face-on or edge-on
and parallel to the observed baselines. However any disk radius > 5 mas is consistent to within
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Figure 5.27: The significance of differences between the observed visibilities for η Corvi and the
visibilities for the models tested on each baseline. For each baseline the models are split into face-on
(left), edge-on oriented along the baseline (centre), and edge-on perpendicular to the baseline (right).
1 σ with the observed results. For an edge-on and perpendicular disk, a larger disk is generally
favoured, particularly considering the results of baselines A and B which are inconsistent with
smaller disks at the 3 σ level.
The χ2-tests of the whole data set compared to the models are shown in Figure 5.28. I shall
concentrate my discussion of these results on the scaled model comparisons, as discussed above.
By far the best fitting model is a face-on disk at 50 mas. It is unsurprising that a face-on
geometry is favoured, considering the similarities in the measured visibilities for all baselines
(in absolute values after scaling, but also see similarities in the shape of the visibilities shown
in Figure 5.16). In this case, disks of 25 mas radius or smaller fall outside the 1 σ confidence
region. For more edge-on disk geometries, a larger disk radius is strongly favoured, although
for a disk lying at a position angle of 110◦ even a disk of 100 mas radius has a χ2 value of 4.
It is interesting to note that the sub-millimetre resolved disk lies at a position angle of 130◦
degrees (Wyatt et al. 2005). If the two disks are associated, one might expect an edge-on disk
lying at 110◦ would provide a better fit to the data that a disk lying at a position angle of 40◦.
However, the small disk height and the assumption of a perfectly edge on disk means that we
are only considering a very small region of parameter space. If the disk were inclined at 45 ◦
to the line-of-sight the model visibilities would be lower (for baselines B, D1 and D2 for a disk
at a position angle of 110◦, for baseline A for a disk at 40◦), creating a better fit to the data.
Taking all the geometries together, the observations and model fitting favour a disk which
is not very edge-on with a radius & 50 mas, corresponding to a blackbody temperature of
< 436 K. The SED fitting presented in Chapter 3 suggests that the hot dust component has
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a temperature of 320K. The alternative fit with a total of three dust belts (model B, Section
3.5.1) has a hottest temperature of dust at 360K. Both models are thus compatible with the
inner limit on the disk radius. Comparing this limit to the limits from the 8m imaging presented
in Chapter 3 implies 50 mas < r < 164 mas, or r ∈ [0.91AU, 2.98AU]. Using equation 2.18, with
dr/r = 0.2, Q∗D = 200Jkg
−1, Dc = 2000km and e = 0.05, and taking M⋆ = 1.52M⊙, L⋆ = 2.9L⊙
as appropriate for an F2V star, these limits on r imply fmax ∈ [0.00325, 0.0517] × 10−5. The
observed fractional excess is 26 × 10−5, giving a ratio of fIR/fmax ∈ [502, 8000]. Although
the lowest ratio (corresponding to the largest disk radii) is lower than the fIR/fmax ≈ 800
seen around HD98800 in Chapter 2, for which transience was not inferred, we do not suggest
that for this source the emission can be explained by a collisional cascade. For HD98800, the
sources young age and high fractional luminosity are likely to be indicative of this source being
a transition disk (see Section 2.3.2). η Corvi is much older, at 1.3 Gyr, far past the age of
transition from proto-planetary to debris disk. Changing other parameters in the model can
only change fmax by a factor of ∼ 100 (Section 2.3.2), and so given a minimum fIR/fmax of
500, we can be confident that the emission from this source cannot be explained by a debris
disk analogous to the asteroid belt undergoing a steady-state collisional cascade.
Ideally observations of this source with the shortest possible baselines (∼ 20–40 m would
allow us to see the difference between a source at 10 mas and one at 50 mas) at a range of
position angles would be the best way to constraint the source geometry. In particular, only one
observation was carried out at a position angle of ∼ 110◦. Further observations would confirm
if the source resolution at this orientation is truly similar to that at ∼ 40◦, and would help rule
out the completely edge-on disk models to a significant level. As also mentioned in Chapter 3,
a deep Q-band observation of this source on an 8m telescope would also help to confirm the
SED interpretation in the context of a 2- or 3-temperature disk model.
5.6.5 HD71155
The relative contributions of the star and disk components to the flux at 11 µm are 0.86 and
0.14. The observed visibilities are consistent at the ∼ 1 σ level with both a completely resolved
disk and a completely unresolved disk (Vdisk = 1). Thus the results are not expected to constrain
any of the tested disk models to better than 1 σ. The results of comparing the model visibilities
to the observed quantities are shown in Figure 5.29.
The plots show that even at their most extreme, alternative models are ruled out at the
∼ 1σ level only as expected. The results show a slight favouring of smaller disks in the face-on
case, or when the disk lies edge-on and parallel to the baselines. The two observed baselines lie
at an angle of ∼ 60◦ to one another, and so a disk cannot be simultaneously parallel to both.
For edge-on disks perpendicular to baseline A, a larger disk radius is a slightly better fit to the
observed visibility. For a disk perpendicular to baseline C, smaller disk radii are favoured.
The reduced χ2-tests comparing the models with the observed data are shown in Figure
5.30. Taking both observations together does allow us to place some constraints on the disk.
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Face-on disk Edge-on disk, PA 40◦ Edge-on disk, PA 110◦
Figure 5.28: The results of applying a reduced χ2-test to all the observed baselines of η Corvi
simultaneously for each model. A χ2 value of 1 represents a good fit to the data. Higher values show







Figure 5.29: The significance of differences between the observed visibilities for HD71155 and the
visibilities for the models tested on each baseline. For each baseline the models are split into face-on
(left), edge-on oriented along the baseline (centre), and edge-on perpendicular to the baseline (right).
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Face-on disk Edge-on disk, PA 60◦ Edge-on disk, PA 120◦
Figure 5.30: The results of applying a reduced χ2-test to both of the observed baselines of HD71155
simultaneously for each model. A χ2 value of 1 represents a good fit to the data. Higher values show
an increasingly poor fit to the data.
Firstly, the reduced χ2 is very high for all radii in the case of an edge-on disk lying parallel to
baseline C. For the alternative tested geometries, a disk radius of 10 mas provides the best fit
to both measured visibilities. For an edge-on disk at a position angle of 120◦, disks larger than
25 mas are ruled out at the 1 σ confidence level. For a face-on geometry, only the very largest
disks, r = 100 mas, are close to being ruled out.
Given the large errors on the data, the strongest constraint put on the source morphology
with these results is that an edge-on disk lying along a position angle ∼ 60◦ is unlikely. For
face-on disks, any of the tested models provide a reasonably good fit to the data, and so we
cannot strongly constrain the disk radius.
5.6.6 HD172555
The relative star and disk contributions expected at 11 µm are 0.392 and 0.608 respectively.
With an observed visibility of 0.401 ± 0.05, the result is inconsistent with an unresolved disk.
The result is very close to that expected for a totally resolved disk component.
The results of comparison of the predicted visibilities for each model and the observed
visibility are shown in Figure 5.31. (Note that as only one baseline was observed for this
source, no χ2 testing was performed.)
As can be seen in Figure 5.31, an edge-on disk lying perpendicular to our observed baseline
(disk at a position angle of 91◦) is strongly ruled out unless very large. A greater disk height
would be more compatible with the data however as this would equate to a lower disk visibility.
For face-on disks and edge-on disks lying along the baseline observed, the results favour a
wider disk. Disks with radii r = 5 mas are ruled out a the 5 σ level. Generally disks with
r > 50 mas provide a good fit to the data. The dip in the significance of the difference between
the observed and modelled visibilities seen at 10 mas is due to this particular baseline length
lining up with a trough in the visibility function of this particular disk radius (see Figure 5.24).
Observations of other baselines with alternative lengths and position angles would allow much
tighter constraints to be put on this source.
A disk radius of 50 mas translates to a radial offset of 1.46 AU. The SED modelling
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Figure 5.31: The significance of differences between the observed visibility of HD172555 and the
visibilities for the models. The models are face-on (left), edge-on oriented along the baseline (centre),
and edge-on perpendicular to the baseline (right).
predicts a location of 7 AU. Although these limits are not particularly stringent in terms of the
disk location, they do demonstrate that there is an inner radius limit to the emission around
this source - with the caveat that a disk at a radius of 10 mas also fits the data. Further
observations could help rule out this particular disk model. One must also bear in mind that
the seeing deteriorated rapidly during the course of these observations. Once the effect of this
change has been properly determined, the visibility at 11 µm may be affected, and with it the
model limits placed on the dust location. The seeing correction is likely to raise the visibility
at 11 µm (although not as much as the visibility at 8µm due to the wavelength dependence of
the seeing-induced loss of correlated flux, Haniff 1987). However, it is unlikely to change the
result to such an extent that the disk emission is totally unresolved when one considers how
low the uncorrected visibility is, and consequently how large a correction would need to be to
have a visibility ∼ 1.
5.6.7 Model limits summary
The large uncertainties on the observational data, together with what are generally small max-
imum deviations from a visibility of 1 even in the most extreme cases (Vdisk = 0), mean that
these observations cannot be used to fully constrain the locations of the disks. In all cases,
the constraints put on the disks are relatively weak (significant only at the 1 σ level). The
analysis presented in this chapter is the first study on the potential of such observations to
constrain the morphology of debris disks. The simplicity of the disk models used to compare
with the observational results is a reflection of this proof of concept status. The first step in the
continuation of this work is to examine more detailed models incorporating other observational
results to obtain more stringent limits on the disks. In the following paragraphs, I summarise
the results of the initial data analysis presented here.
The observations of HD69830 show that a disk model with a radius of ∼ 10 mas is favoured
by the results of the modelling, unless the disk lies edge-on and oriented at a position angle
∼ 110◦, in which case a large disk (radius 100 mas) is favoured. For the face-on case (or edge-on
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and lying at 50◦), this best fitting size is consistent with the SED fitting which places the disk
at 26 mas. Though large disks are not strongly ruled out, the tentative conclusions about the
disk location place it firmly in a region in which the level of excess emission cannot be explained
in the context of a steady-state disk model.
The model comparisons to the η Corvi observational data are also consistent with the
transient interpretation of its mid-infrared emission. The best-fitting radius of the disk depends
on the inclination and orientation of the disk, but, in general, a disk radius of 50 − 100 mas is
the best fit. This is in very good agreement with the SED fitting to the excess emission, which
gives a disk radius of 90 mas (see Table 3.5).
The two observations of HD71155 do not strongly constrain the disk parameters in the case
of a face-on geometry. For an edge-on disk, we can conclude that a position angle of 60◦ is
unlikely, and that, in the case of a edge-on disk lying at 120◦, a smaller disk radius is more
likely. The SED prediction for the radius of this disk is 16 mas, which agrees well with these
results.
The observations of HD172555 are the most constraining in terms of the limits they places
on the different tested models. For this model, an edge-on disk lying at 90◦ is effectively ruled
out at the 3σ level. For a face-on disk or an edge-on disk lying at 0◦, a disk with a radius of 50
mas or greater is favoured. Disks of radius r = 5 mas (0.15AU) are ruled out at the 5 σ level.
5.7 Conclusions
The observations in this chapter represent a preliminary study of the possibilities of using MIDI
observations to constrain debris disk source morphologies. Work is ongoing to try to improve
the data (through better characterisation of the noise contribution, for example), with the aim
of providing more reliable constraints on possible models of the individual source morphologies.
In addition, future observations of HD172555 are planned which, in combination with the single
observation presented here, will allow better constraints to be put on the disk.
The inclusion of these observations in their current form and the tentative implications of
the first results from the data in this thesis is to demonstrate the possibilities for this relatively
new technique in the field of debris disk observations. To date, mid-infrared interferometric
observations have primarily been used to observe the circumstellar envelopes of AGB stars
(Ohnaka 2007), the circumstellar environments of pre-main sequence stars (Ratzka et al. 2007),
or AGN (Tristram 2007). The first two of these sources are generally much brighter than the
debris disk sources observed here, which are at the very limits of what can be observed with
MIDI. Another reason that debris disks have not generally been observed using interferometric
techniques is their size. Debris disk sources within 100 pc and with disks lying at tens of AU
from their central star will typically have disks on the order of 100 mas radius. The optimal
size for objects to be resolved on MIDI is O(10mas): smaller disks require larger baselines than
are offered by the VLTI; larger disks appear completely resolved on the shortest baselines and
so observations only offer a lower limit to their size. This can be useful however, particularly
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when combined with upper limits from single dish imaging as demonstrated by the η Corvi
observations.
The sources observed in this chapter are amongst the brightest known debris disk sources
thought to possess disk material on scales amenable to interferometric observation. Even so,
errors in the measured fluxes have thus far prevented strong constraints being placed on possible
disk morphologies at a significant level for most of the sources observed. The MIDI instrument
is still relatively new, however, and improvements in both the technical operation of the VLTI,
and how to get the best out of the instrument from a user perspective are being made all the
time. Lessons I have learned from this first observing programme with MIDI are:
• the value of good seeing (see Section 5.5.4), demonstrating that at the short wavelength
end in particular, better seeing conditions increase the reliability of the data;
• that increasing the read-out integration time (DIT) can improve the errors on the correl-
ated flux (baseline B observations of η Corvi and HD69830);
• that for faint targets, having a well-known source total photometry is invaluable to the
analysis of the data. In particular, even when absolute values of visibility are uncer-
tain, variations in the spectrally dispersed visibility can show evidence for resolved disk
emission.
In future observations, increasing the number of frames for an observation will also help to
improve the signal-to-noise ratio and may improve observations of fainter targets. This is of
course at the expense of additional telescope time. Looking to the future, a new VLTI instru-
ment, the Multi-AperTure mid-Infrared SpectroScopic Experiment (MATISSE) is the proposed
successor to MIDI. This planned spectro-interferometer will allow beam combination from up
to 4 telescopes in the L, M, N, and Q bands (Lagarde et al. 2006). The use of 4 simultaneous
baselines will allow much more efficient data collection than is possible with MIDI. In addition,
the possibility of observing disk sources in the Q band, where there are many more disks with
high levels of flux, has the potential to expand the sample of interferometrically-observed debris
disks, and consequently the sample of mid-infrared disks with confirmed disk morphologies.
Our current results suggest that observations with this and other infrared interferometers




The primary aim of this thesis has been to explore debris disks in the mid-infrared from a
theoretical and observational perspective, in order to understand the nature of these sources
in greater detail. The first debris disk systems to be resolved - the so-called ‘big four’ of Vega,
β Pic, ǫ Eridani and Fomalhaut - are spatially much larger than the disks emitting in the
mid-infrared which have been the subject of this thesis. These ‘big four’ are believed to be
analogous the to Edgeworth-Kuiper Belt in that they are expected to lie outside the orbit of
any major planets in the system. For mid-infrared disks, the temperatures of the dust suggest a
much smaller radial location, raising questions about their place within any planetary systems
existing around their host stars.
In Section 1.5, I put forward three key questions relating to debris disks in the mid-infrared
that our observational results combined with the analytical model presented in Chapter 2 would
be trying to tackle. These questions were: whether the mid-infrared disks detected around Sun-
like stars are simply debris disks of truncated planetary systems; if the emission can be explained
by a collisionally evolving disk; and if the degree of variation in emission levels seen around
otherwise similar A-type stars is evidence of stochastic evolution. I shall summarise the main
findings presented in this thesis and discuss how these contribute towards an answer to these
questions.
In Chapter 2, I presented an analytical model of a debris disk evolving under an equilibrium
collisional cascade, as originally presented in Wyatt et al. (2007a). This model predicts that the
level of emission from such a disk should fall-off with time. This pattern is seen in statistical
studies of A star sources with excess infrared emission (see Section 1.4). The model was also
used to predict the levels of excess emission for a large population of stars with varying disk
locations and initial masses. The strong agreement between the statistics of the model sample
and the observed samples of Rieke et al. (2005) and Su et al. (2006) shows that the properties
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of these samples can be explained within the context of such a model. The general decrease
in maximum excess levels with age is explained by the loss of material through the collisional
destruction of planetesimals to increasingly small sizes until the blow-out limit is reached, at
which point mass is lost from the system. The large variations in emission levels between stars
of the same spectral type and age can be explained by differing initial conditions in the disk.
Therefore, the model shows that the A star disk populations can be explained by collisionally-
evolving disks similar to the asteroid and Edgeworth-Kuiper belts of our own solar system,
and that the degree of variation seen amongst such sources need not be evidence of stochastic
evolution, as previously suggested by Rieke et al. (2005).
Another useful finding of the model is that, for a collisionally-evolving disk of a given age
and location, one can predict the maximum flux that could be expected to arise from it. This
limit arises because tenuous disks will have long collisional timescales but have less material to
reprocess the starlight and emit in the infrared, while massive disks have more material available
to produce the infrared emission, but process themselves more quickly because of the shorter
collisional lifetimes of the bodies in the disk. Using this upper limit four sources were shown
to have levels of emission inconsistent with such a disk, and thus these sources are believed
to show evidence of transient emission. For these sources, the EKB-like analogy is therefore
inappropriate. These sources indicate that, although many sources observed to possess mid-
infrared excess emission do fit in with the asteroid or EKB-like disk model, a small number of
older sources do not. Thus each source must be carefully considered before conclusions about
its nature can be drawn.
The conclusions about transience for the four sources listed in Table 2.1 are highly dependent
on the assumed distance of the dust from their host stars. These distances were determined by
SED fitting, but as described in Section 1.3, this process is subject to many uncertainties. The
only way to be truly confident of the dust location is to resolve the emission. The small predicted
radial location of dust hot enough to be emitting strongly in the mid-infrared, particularly
around cooler Sun-like stars, frequently makes this a difficult task. In Chapter 3, I presented a
new method of determining quantifiable constraints that can be placed on disk locations from
unresolved imaging. This technique can not only put upper limits on the maximum radial
extent of the disk, but can also be used to determine the best-fitting model for the excess
emission of a source where competing models (e.g. multiple versus single temperature SED
fits) exist. This model was used to show that a single mid-infrared temperature was a better
fit to the observations of η Corvi than an alternative model of 2 mid-infrared temperatures.
The observations of Sun-like stars also showed the value of confirmation of debris disk
sources. Of an original sample of twelve stars, five sources were shown to have alternative
explanations for their excess emission. A further source (HD 10800) was shown to be an
unlikely host of excess emission, and its previous identification as a debris disk likely due to
statistical errors. These examples again indicate the need for careful follow-up on individual
sources before any conclusions about their nature can be made, highlighting that not all stars
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with excess emission during their main-sequence lifetime fall into the debris disks category.
Applying the same observational and modelling techniques to a sample of 11 A stars allowed
us to determine that one star, HD71155, may also be a host of transient emission. The extension
tests modelling was used to rule out a single mid-infrared component responsible for the excess
emission, favouring a 2-population model. Of these 2 populations, the hotter component is
believed to be too close to the star for the levels of emission to be explained by a collisionally-
evolving disk within the framework of the analytical model.
The extension testing modelling technique was also used to show how the choice of sources
to observe with current instruments can be optimised to have to best chance of resolving a
disk. The application of these predictions to Gemini instruments MICHELLE and TReCS
highlighted HD181296 as a good candidate for such imaging. Observations of this source did
indeed resolve the emission.
For many of our sources, however, the small radial size of the predicted disk location means
that 8m telescope imaging was only able to provide outer limits on the emission. MIDI in-
terferometry may prove to be the key to resolving the issue of dust location for such disks.
In Chapter 5 I have presented the first MIDI observations of debris disks. The results show
that although the absolute values of the debris disk source visibilities can be very uncertain
and subject to systematic error, examination of the visibility function over the MIDI spectral
range can reveal evidence for disk resolution even when the absolute values do not. This, of
course, requires the excess emission to exhibit strong spectral features, particularly when the
disk flux is . 10% of the total flux. In addition, as the MIDI photometry of the faint debris
disk sources is in general very uncertain, MIDI observations of such sources can reveal more
when used in conjunction with well-constrained total source photometry from another source:
in the case of the results presented in this thesis this total photometry was taken from published
Spitzer IRS data. Although the observations presented in this thesis only allow limits on the
disk locations at the 1 σ level, they demonstrate that such observations have the potential to
resolve debris disks on 10 mas scales, or place limits on the inner-most extent of the disks. With
the current limits, these observations have been used to show that an edge-on disk orientation
is more likely for the emitting dust of HD69830 (when combined with the spectral analysis of
Lisse et al. 2002) and that the location of the mid-infrared component of η Corvi is constrained
to be r ∈ [0.91, 2.98] AU, consistent with previous modelling of this source. These results also
confirm the transient interpretation of the excess emission of HD69830 and η Corvi.
The transient interpretation of the emission of HD69830, and the hot dust components of
η Corvi and HD71155 and other sources listed in Table 2.1, leads to the further question of
the possible physical processes responsible for the excess emission. As discussed in Section
2.3.2, several alternative scenarios could be responsible for a transient dust population. Firstly,
a single massive collision is unlikely to be responsible for the dust seen around the transient
sources, as the frequency of such events, and the short collisional lifetime of the resulting
dust particles, makes the probability of observing such an event very low (< 0.00001%). A
167
CHAPTER 6. CONCLUSIONS
coincident planetesimal belt which has recently been stirred and is now being converted into
dust cannot sustain a high luminosity for a long time, due to the mass loss rates required to
explain the observed fractional luminosities seen in the transient disk populations, and thus
this is also an unlikely source of the emission. The most likely source of the transient dust
is a parent planetesimal belt located further from the star. In this scenario the parent belt
can be quite massive as collisional lifetimes decrease rapidly with increasing distance from the
star (see Equation 2.13). Possible parent belts which could satisfy this scenario are known to
exist for η Corvi, (Wyatt et al. 2005) and the 2-temperature population model of HD71155 (see
Section 4.3.2), although resolved imaging is required to confirm the location of this cooler dust.
A mechanism for transporting the dust from the parent belt to the observed location could be
analogous to the Late Heavy Bombardment in the solar system, but is not well understood at
present.
The results presented in this thesis show that mid-infrared excess emission around main
sequence stars can result from a number of processes. Around Sun-like stars this emission can:
be primordial or the result of steady-state evolution if the star is young (e.g., HD202406 and
HD145263); arise from a relatively low radius steady-state planetesimal belt (e.g., HD191089
and HD12039); or be transient in origin in older systems (e.g., η Corvi and HD69830). The
mid-infrared debris disk population around A stars is reproduced well by a model assuming
a steady-state evolution of disks with a random distribution of initial disk masses and radial
offsets. Some A star sources may have multiple belts, the hottest component of which may be
transient if the star is passed the transition disk stage (e.g., HD71155). In order to more com-
pletely understand any such sources, particularly in the context of the steady-state collisional
cascade model, the true disk location must be determined. Unambiguous determination can
only be achieved through resolved imaging, and techniques presented in this thesis provide a
method of determining the best sources for single dish imaging. But where this is not possible,
quantitative constraints can be achieved through a combination of large single-dish observations
and interferometric techniques. Increasing the sample of disks with known/constrained radial
locations will allow greater understanding of the evolution of mid-infrared debris disks, and
thus a greater understanding of extra-solar circumstellar environments.
6.1 Future prospects
The determination of the true disk location and morphology is crucial to understanding indi-
vidual systems. Resolved imaging can not only give us the dust location, but any asymmetries,
warping, or offsets from the centre of the system can give clues to possible planetary systems
around the star. However, as has been shown in this thesis, it can be difficult to resolve disks
in the mid-infrared, due to the generally small spatial scales involved.
One method for limiting the disk location in the case that it cannot be resolved has been
presented in this thesis. Single-dish high resolution imaging can place tight constraints on the
outer extent of the emitting dust. Coupling these limits with interferometric observations can
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place tight constraints on the dust, and thus allow a more reliable examination of the possible
nature of the source within the context of the analytical model. The results presented here
are the first such observations of debris disks in the mid-infrared known to the author. As
knowledge of how to get the best out of MIDI for fainter targets improves, the limits these can
place on mid-infrared debris disks will become more significant.
The predictions presented in Chapter 4 show how modelling the resolvability limits of tele-
scopes can help in the identification of the most profitable sources for observation. This method
has already been used to highlight HD181296 as a good target for resolved imaging, and the
results of these observations are currently in the process of being modelled in greater detail.
Additional sources highlighted as the most likely to be resolved in a few hours of observing time
have been included on current telescope proposals, and should add to the growing population
of resolved mid-infrared disks.
This technique can also be applied to future instruments. The mid-infrared cam-
era/spectrometer, MIRI, on the James Webb Space Telescope (JWST), will provide imaging
over the 5-27 µm range. At 18 µm, the sensitivity of the imager is predicted to be more
than 3,500 times better than that of the GEMINI instruments, primarily due to the lack of
atmospheric extinction and sky signal. Figure 6.1 shows the predicted resolvability limits for a
half hour on-source observation with MIRI at 18 and 25µm, with the A star model population
presented in Chapter 2 overplotted as dots (this Figure can be compared to Figure 4.12). The
point source sensitivities were assumed to be 1.01µJy and 6.6 µJy (1 σ, half hour on-source,
taken from http://www.stsci.edu/jwst/science/sensitivity/). The PSF was assumed to be a
Gaussian with a FWHM of 0.′′68 and 0.′′94 at 18µm and 25µm respectively, taking diffraction-
limited performance for a 6.5m diameter telescope. In reality, the PSF quality will be much
lower as the JWST primary mirror is made up of 18 individual hexagonal segments. Thus,
although in the plots it seems that almost all of this model population could potentially be
resolved with MIRI, two issues are likely to prevent the detection of disks with r/θ . 1. Firstly
unusual shape of the PSF resulting from the hexagonal mirrors will require very careful mod-
elling to determine any extension close to the star, and although one of the primary causes of
PSF variation - the effects of varying atmosphere - will not be an issue, any variation in the
PSF will be hard to characterise and will certainly not be well characterised by a simple change
in width (the dθ factor). Secondly, the sizes of PSF chosen for the predictions in Figure 6.1
are smaller than the true PSF width is expected to be (the value of θ is likely to be larger).
Thus the resolving limits for small disks are likely to be much larger and thus more disks in the
model sample are likely to lie outside the region of resolvability. The real potential for MIRI
to add to the resolved disk population lies in its far superior sensitivity compared to current
instruments, as spatially-large disks should easily be resolved in a relatively short observation,
thus Figure 6.1 is likely to be accurate in the sensitivity-limited region, i.e. for larger r. The su-
perior sensitivity of space-born instrumentation in the mid-infrared compared to ground-based
instrumentation will mean that disks with r ≃ 1′′should easily be resolved down to very low
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Figure 6.1: The predictions for the resolvability of disk sources with MIRI on the JWST at 18µm (top)
and 25 µm (bottom). These predictions assume an idealised PSF and are thus likely to overestimate
the size of the region of resolvability. Dots show the model sample A star disks population. These




Figure 6.2: The predictions for the resolvability of disk sources with a 42m European ELT at 18µm
(top) and 25 µm (bottom). These predictions assume an idealised PSF and best-case scenario sensitivity
limits are thus likely to overestimate the size of the region of resolvability. Dots show the model sample
A star disks population. These limits highlight how a large filled-aperture imager could open up the
spatially small debris disks to resolution.
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levels of flux (∼ 0.1 mJy in half an hour of on-source observation, see Figure 6.1).
At smaller disk radii, future ground-based telescopes like the planned European Extremely
Large Telescope (E-ELT) have the potential to resolve those disks that lie beyond the resolution
limits of current instruments. A 42m telescope would have a diffraction-limited PSF at 18 µm
of 0.′′11 and of 0.′′15 at 25 µm. Under low water vapour (0.5mm precipitable water vapour),
excellent seeing and low thermal background conditions (sky and telescope temperature 252K;
also assumed throughput of the telescope is 0.5), the point-source sensitivities that could be
achieved by such a telescope could be as high as 0.121 mJy at 18 µm 0.4 mJy at 25 µm (1 σ in half
an hour on source: using the mathematical model outlined in ELT ETC Mathematical Model and
Adaptive Optics Tables available at http://www.eso.org/observing/etc/doc/elt/ELT ETC.pdf
with relevant data provided by J. Liske). The resolvability limits achievable with such an
instrument in 2 hours of on-source observation are shown in Figure 6.2. Not only does the
greater resolution provided by such a large telescope open up the potential to resolve disks much
closer to their parent star but the larger light-gathering area provides a better sensitivity than
current ground-based telescopes. Of course, the sensitivity actually achieved will be strongly
dependent on the site chosen for such a telescope, and may not reach these idealised limits
used here (determined using the high and dry site conditions listed above). However, even if
diffraction-limited performance were not achieved and the sensitivities of the telescope did not
reach the limits used for Figure 6.2, the potential for resolving smaller disks on such a large
telescope is great.
Taking Figures 6.1 and 6.2 together one might assume that for the resolution of debris
disk sources, an E-ELT would be unnecessary as most of the disk population can be resolved
with MIRI. However, there is still potential for a large ground-based telescope to make exciting
discoveries in this field. In addition to the PSF issues not well modelled by this first order
method of predicting the resolution limits of the MIRI instrument discussed above, there is
reason to believe that the small disk region may be more well populated then the model popu-
lation shown on these plots suggests. Recall that this model population was first presented in
Chapter 2 to match the distribution of disks observed by Su et al. (2006) at 24 and 70 µm. This
firstly leads to uncertainties as to where these disks may actually lie, as locations are based
on blackbody fits to the observed emission (see also Figure 4.11), and so the distribution in r
may be incorrect. Secondly, this population may not include disks which emit more strongly at
shorter wavelengths, for example the proposed hotter dust component of HD71155 would not
be recognised in fits to 24 and 70 µm measurements of the excess. Thus the spatially small disk
population may be underestimated, leading to a greater discovery space for an ELT. Combin-
ing future space and ground-based instrumentation should allow a massive leap forward in the
number of resolved disks, allowing us to explore in even greater detail these fascinating sources.
From a modelling perspective, the analytical model adopted in this thesis provides a useful
framework within which statistical trends and some aspects of individual sources (such as the
maximum predicted flux) can be analysed. This model makes many simplifying assumptions,
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however, such as the assumption of a simple power-law for the distribution of mass in different
sized bodies. The validity of such assumptions is well worth exploring using more detailed
numerical modelling. Initial work on this has already begun, and promises to reveal further
insights into both the overall population of disks, and the study of individual sources.
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Moór, A., Ábrahám, P., Derekas, A., Kiss, C., Kiss, L. L., Apai, D., Grady, C., & Henning, T.:
2006, ApJ 644, 525
Morbidelli, A., Brown, M. E., & Levison, H. F.: 2003, Earth Moon and Planets 92, 1
Moro-Mart́ın, A., Carpenter, J. M., Meyer, M. R., Hillenbrand, L. A., Malhotra, R., Hollenbach,
D., Najita, J., Henning, T., Kim, J. S., Bouwman, J., Silverstone, M. D., Hines, D. C., Wolf,
S., Pascucci, I., Mamajek, E. E., & Lunine, J.: 2007, ApJ 658, 1312
Moro-Martin, A., Wyatt, M. C., Malhotra, R., & Trilling, D. E.: 2007, ArXiv e-prints: 0703383
Murray, C. D. & Dermott, S. F.: 1999, Solar System Dynamics, (Cambridge: Cambridge
University Press)
Najita, J. & Williams, J. P.: 2005, ApJ 635, 625
Natta, A., Grinin, V., & Mannings, V.: 2000, in V. Mannings, A. P. Barlow, & S. S. Russell
(eds.), Protostars and Planets IV, p. 559, (Tuscan: University of Arizona Press)
Nordstrom, B., Mayor, M., Andersen, J., Holmberg, J., Pont, F., Jorgensen, B. R., Olsen, E. H.,
Udry, S., & Mowlavi, N.: 2004, VizieR Online Data Catalog 5117, 0
O’Brien, D. P. & Greenberg, R.: 2003, Icarus 164, 334
Ohnaka, K.: 2007, New Astronomy Review 51, 711
180
BIBLIOGRAPHY
Oudmaijer, R. D., van der Veen, W. E. C. J., Waters, L. B. F. M., Trams, N. R., Waelkens, C.,
& Engelsman, E.: 1992, A&AS 96, 625
Padgett, D. L., Cieza, L., Stapelfeldt, K. R., Evans, II, N. J., Koerner, D., Sargent, A., Fuk-
agawa, M., van Dishoeck, E. F., Augereau, J.-C., Allen, L., Blake, G., Brooke, T., Chapman,
N., Harvey, P., Porras, A., Lai, S.-P., Mundy, L., Myers, P. C., Spiesman, W., & Wahhaj,
Z.: 2006, ApJ 645, 1283
Palla, F. & Stahler, S. W.: 1993, ApJ 418, 414
Perryman, M. A. C., Lindegren, L., Kovalevsky, J., Hoeg, E., Bastian, U., Bernacca, P. L.,
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